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ABSTRACT
The re s e a rc h  p r e s e n te d  in  t h i s  d i s s e r t a t i o n  c o n s i s t s  o f  two p a r t s ;  
p a r t  1 f o r  s o l u b i l i t y  o f  a ro m a tic  hydrocarbon  s o l i d s  i n  p u re  and mixed
s o lv e n t s  and p a r t  2 f o r  s o l u b i l i t y  o f  p u re  g ases  i n  w a te r  a t  h igh
p r e s s u r e s .
In  th e  r e s e a r c h  o f  p a r t  1, e i g h t  a ro m a tic  hydrocarbon  s o l id s  
b ip h e n y l ,  n a p h th a le n e ,  f lu o r e n e ,  p h en an th ren e ,  acenaph thene , 
f lu o r a n th e n e ,  py rene  and o - te rp h e n y l  a re  employed to  measure t h e i r
s o l u b i l i t i e s  i n  p u re  s o lv e n t s  p y r id in e  and th io p h en e  and i n  mixed
s o lv e n t s  o f  benzene and cyclohexane a t  t h r e e  d i f f e r e n t  c o n c e n t r a t io n s .  
S o l u b i l i t i e s  o f  p h en an th ren e ,  which undergoes a lambda p o in t  t r a n s i t i o n ,  
a r e  p r e d ic te d  by a new s o l u b i l i t y  e q u a t io n  d e r iv e d  i n  t h i s  r e s e a r c h .  
The new e q u a t io n  in c lu d e s  a term  f o r  th e  c o n t r i b u t i o n  o f  th e  phase  
t r a n s i t i o n .  A c t i v i t y  c o e f f i c i e n t s  o f  s o l i d s  a re  p r e d i c t e d  by th e  
S c a tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  e q u a t io n  by u s in g  th e  s o l u b i l i t y  
p a ram e te rs  e v a lu a te d  by th e  f l o a t i n g  datum p o i n t  method, which i s  
d ev ise d  in  t h i s  s tu d y .  S o l u b i l i t i e s  o f  th e  s o l i d s  a re  g e n e ra l iz e d  f o r  
each  o f  th e  s o lv e n t s  as su g g es ted  by McLaughlin and Z a in a l .
In  th e  r e s e a r c h  o f  p a r t  2 , e q u i l ib r iu m  com positions  o f  vapor and 
l i q u i d  phases  f o r  b in a ry  system s an<l a re  m easure^ a t
p r e s s u r e s  o f  up to  101.3 MPa a t  323 and 373K. The s o l u b i l i t y  d a ta  a re  
c o r r e l a t e d  by th e  m od if ied  K richevsky-K asarnovsky  e q u a t io n .  The 
K r ic h e v s k y - I l in sk a y a  e q u a t io n ,  on th e  o th e r  hand , i s  p roved  in a d eq u a te  
f o r  th e  c o r r e l a t i o n  o f  th e  gas s o l u b i l i t y  d a ta  o f  t h i s  r e s e a rc h .  
I n s t e a d ,  an e q u a t io n  which in c lu d e s  a te rm  f o r  th e  c o e f f i c i e n t  o f  i s o ­
th e rm a l  c o m p r e s s ib i l i ty  o f  th e  p a r t i a l  m olar volume i n  a d d i t i o n  to  a
xii
n o n - i d e a l i t y  term  c o r r e l a t e s  th e  s o l u b i l i t y  d a ta  w e l l .  S o l u b i l i t i e s  of 
th e  gases  i n  w a te r  a t  h ig h  p r e s s u r e s  a re  p r e d i c t e d  by th e  m odif ied  
K richevsky-K asarnovsky e q u a t io n  u s in g  th e  a p p a re n t  p a r t i a l  m olar volume 
e s t im a te d  by th e  method su g g es ted  in  t h i s  s tu d y .
1P a r t  1: S o l u b i l i t y  o f  Aromatic Hydrocarbon S o l id s  in
Pure and Mixed S o lv e n ts .
CHAPTER I.
I n t r o d u c t io n
This  r e s e a rc h  has two main o b je c t i v e s :  f i r s t ,  d e te rm in in g  e x p e r i ­
m e n ta l ly  th e  s o l u b i l i t y  o f  a ro m a tic  hydrocarbon  s o l i d s  in  p u re  and mixed 
s o lv e n t s  and seco n d ly ,  s tu d y in g  th e  e q u i l ib r iu m  b e h av io r  o f  th e  
s o lu t i o n s  by c o r r e l a t i n g  th e  e x p e r im e n ta l  d a ta  u s in g  v a r io u s  s o lu t i o n  
t h e o r i e s .
In  th e  s o l u b i l i t y  s tu d y  o f  s o l i d s  i n  p u re  s o lv e n t s ,  e i g h t  a rom atic  
hydrocarbons b ip h e n y l ,  n a p h th a le n e ,  f lu o r e n e ,  p h en an th ren e ,  a ce n ap h th en e , 
f lu o ra n th e n e ,  pyrene and o - te rp h e n y l  a re  chosen to  measure t h e i r  s o l u ­
b i l i t y  i n  two p u re  s o lv e n t s  p y r id in e  and th io p h e n e .  In  th e  s o l u b i l i t y  
s tu d y  f o r  mixed s o lv e n t s ,  th e  f i r s t  f i v e  a ro m a tic  hydrocarbons a re  used 
to  de te rm ine  t h e i r  s o l u b i l i t y  i n  th e  t h r e e  mixed s o lv e n t s ,  a m ix tu re  o f  
70 mole % benzene and 30 mole % cyc lohexane ,  a m ix tu re  o f  50 mole % 
benzene and 50 mole % cyclohexane and a m ix tu re  o f  30 mole % benzene and 
70 mole % cyc lohexane . The f i v e  s o l i d s  a re  chosen in  th e  l a t t e r  s tudy  
because  o f  th e  a v a i l a b i l i t y  o f  t h e i r  p h y s ic a l  p r o p e r t i e s  which en ab le  
e v a lu a t io n  o f  a c t i v i t y  c o e f f i c i e n t s  o f  th e  s o l i d s  as s o lu t e s  i n  th e  
r e s p e c t iv e  s o lu t i o n s .
The e q u i l ib r iu m  b e h a v io r  o f  th e  a ro m a t ic  hydrocarbons can be 
i n v e s t i g a t e d  by c o r r e l a t i n g  th e  e x p e r im e n ta l  s o l u b i l i t y  d a ta  u s in g  
s o lu t i o n  t h e o r i e s .  The s o l u b i l i t y  d a t a ,  f o r  exam ple, y i e l d s  a c t i v i t y  
c o e f f i c i e n t s  o f  th e  s o lu t e s  i n  s o l u t i o n .  These e x p e r im e n ta l ly  o b ta in e d  
a c t i v i t y  c o e f f i c i e n t s  can be used to  choose th e  p ro p e r  s o lu t i o n  models 
by comparing th e  e x p e r im e n ta l  v a lu e s  w ith  th o s e  p r e d ic te d  by s o lu t i o n  
t h e o r i e s .
3The cho ice  o f  th e  a ro m a tic  hydrocarbon s o l i d s  and s o lv e n t s  i s  made 
b ecause  o f  th e  p r a c t i c a l  im portance  o f  th e  compounds i n  p ro c e s s  d es ig n  
o f  c o a l  l i q u e f a c t i o n  p l a n t s .  A n a ly s is  o f  th e  c o a l  l i q u i d  from th e  SRC-I 
p i l o t  p l a n t  o p e r a t io n  (1) shows t h a t  i t  c o n ta in s  b ip h e n y l ,  n a p h th a le n e ,  
f lu o r e n e ,  p h en an th ren e ,  acenaph thene ,  f lu o ra n th e n e  and pyrene  as major 
heavy components. This  f a c t  can be expec ted  as th e  su g g es ted  m o lecu la r  
s t r u c t u r e  o f  SRC s o l i d  i s  combined mono and d ia ro m a t ic  r in g  m a te r ia l  
( 2 ) .  C onsequen tly ,  when c o a l  m olecu les  decompose, we e x p ec t  v a r io u s  
r i n g  m olecu les  ran g in g  from s i n g l e  r in g  a ro m a tic  hydrocarbons such as 
b enzene ,  p y r i d i n e ,  th io p h en e  and cyclohexane to  m u l t i - r i n g  a ro m a tic  
hydrocarbons such as p h enan th rene  and p y ren e .  The s tu d y  o f  th e  e q u i l i b ­
rium b e h a v io r  o f  b in a ry  and t e r n a r y  s o lu t i o n s  c o n s i s t i n g  o f  such 
compounds w i l l  s u g g e s t  r e l i a b l e  s o l u t i o n  models t o  be used f o r  th e  
e q u i l ib r iu m  c a l c u l a t i o n  i n  p ro c e s s  d es ig n  work f o r  th e  c o a l  l i q u e f a c t i o n  
p r o c e s s .
The s o l u b i l i t y  o f  p o ly c y c l i c  a ro m a tic  hydrocarbon  s o l i d s  i n  some 
n o n -p o la r  s o lv e n t s  has been s tu d ie d  by s e v e r a l  r e s e a r c h e r s .  Warner e t  
a l .  ( 3 ) ,  f o r  example, o b ta in e d  s o l u b i l i t y  d a ta  f o r  b ip h e n y l  in  s e v e r a l  
n o n -p o la r  s o lv e n t s  in c lu d in g  benzene and carbon  t e t r a c h l o r i d e  i n  1934. 
They found t h a t  n o n - i d e a l i t y  in c re a s e d  when th e  s o l i d  was d is s o lv e d  
s u c c e s s iv e ly  in  benzene , carbon  d i s u l f i d e ,  ca rbon  t e t r a c h l o r i d e  and 
n -h e p ta n e .  They t r i e d  to  e x p la in  th e  n o n - i d e a l i t y  by  u s in g  b o th  
Guggenheim's s t r i c t l y  r e g u la r  s o l u t i o n  and th e  S c a tc h a rd -H ild e b ra n d  
r e g u la r  s o l u t i o n  m odels. They concluded  t h a t  th e  form er model was no t 
p ro p e r  i n  th e  h ig h  c o n c e n t r a t i o n  r e g io n  o f  th e  s o l u t e .  The l a t t e r  
model, however, was q u a l i t a t i v e l y  b e t t e r ,  b u t  produced  200 to  300 p e r c e n t  
d e v i a t i o n  when th e y  compared th e  e x p e r im e n ta l ly  o b ta in e d  p a r t i a l  molar 
ex ce ss  G ib b 's  f r e e  e n e rg ie s  w i th  th e  v a lu e s  c a l c u l a t e d  by th e o ry .
4Campbell (4) measured th e  s o l u b i l i t y  o f  n ap h th a len e  i n  benzene in  
1941. He observed  t h a t  th e  s o l u b i l i t y  o f  n ap h th a len e  in  benzene was 
s l i g h t l y  low er (~5.5%) th a n  th e  i d e a l  s o l u b i l i t y ,  b u t  concluded t h a t  th e  
b in a ry  system fo llow ed  i d e a l  b e h a v io r  by e x p la in in g  t h a t  th e  d e v ia t io n  
was caused by e x p e r im e n ta l  e r r o r s .
Gordon and S c o t t  (5) i n v e s t i g a t e d  th e  s o l u b i l i t y  o f  phenan th rene  in  
mixed s o lv e n t s  o f  cyc lohexane  and m ethylene io d id e  in  1952. Upon 
comparing th e  ex p e r im e n ta l  a c t i v i t y  c o e f f i c i e n t s  o f  phenan th rene  in  th e  
t e r n a r y  system s w ith  th e  v a lu e s  c a l c u l a t e d  by th e  S ca tch a rd -H ild eb ra n d  
r e g u la r  s o lu t i o n  th e o ry ,  th e y  o b ta in e d  com plete q u a l i t a t i v e  agreem ent 
b u t  s e v e r a l  q u a n t i t a t i v e  d i f f e r e n c e s  owing to  t h e  f a i l u r e  o f  th e  th e o ry  
to  f i t  th e  b in a ry  i n t e r a c t i o n  between phenan th rene  and. cyclohexane (6 ) .
H e r ic  e t  a l .  ( 7 ,8 ,9 )  p u b l i s h e d  two p ap e rs  i n  1964 and one i n  1970 
fo r  th e  s o l u b i l i t y  o f  n ap h th a len e  i n  d i f f e r e n t  mixed s o lv e n t s .  N o tic in g  
in  t h e i r  e a r l i e r  s tu d i e s  t h a t  th e  b in a ry  system s n a p h th a le n e -c a rb o n  
t e t r a c h l o r i d e  and n ap h th a le n e -c y c lo h e x a n e  showed a s i g n i f i c a n t  d i f f e r e n c e  
in  th e  a c t i v i t y  c o e f f i c i e n t s ,  th e y  i n v e s t i g a t e d  in  t h e i r  l a t e r  s tu d y  th e  
a c t i v i t y  c o e f f i c i e n t  o f  n ap h th a len e  i n  th e  t e rn a r y  system n ap h th a le n e -  
carbon  t e t r a c h l o r id e - c y c l o h e x a n e .  They concluded t h a t  th e  S c a tc h a rd -  
H ildeb rand  r e g u la r  s o l u t i o n  model was l e s s  s u i t a b l e  f o r  th e  t e r n a r y  
system  th a n  Guggenheim’ s s t r i c t l y  r e g u la r  s o l u t i o n  model. To f i t  th e  
t e r n a r y  d a ta  by th e  l a t t e r  m odel, however, th e y  used an a r b i t r a r y  mixing 
r u l e  f o r  th e  in te rc h a n g e  e n e rg ie s  o f  th e  t e r n a r y  system r a t h e r  th a n  th e  
two s u f f i x  Margules e q u a t io n  f o r  a t h r e e  component system . The a r b i t r a r y  
mixing r u l e  worked w e l l  under th e  assum ption  t h a t  th e  in te rc h a n g e  energy  
o f  n ap h th a len e  i n  b o th  b in a ry  p a i r  s o lu t i o n s  w ith  carbon  t e t r a c h l o r i d e  
and cyclohexane was l i n e a r l y  dependent on te m p e ra tu re .  In  f a c t ,  t h e i r  
adherence t o  th e  l i n e a r i t y  o f  th e  in te rc h a n g e  energy  w ith  te m p era tu re
5caused  t h e i r  f a i l u r e  i n  f in d in g  a t h e o r e t i c a l l y  sound model because  th e  
l i n e a r i t y  was n o t  g e n e r a l ,  a s  w i l l  be seen  l a t e r .
The most e x te n s iv e  work which has been  done so f a r  f o r  th e  s o l u b i l ­
i t y  o f  a ro m a tic  hydrocarbon s o l i d s  i n  s im p le  s o lv e n t s  a r e  th o s e  o f  
McLaughlin and Z a in a l  (1 0 ,1 1 ,1 2 )  and o f  McLaughlin and M esser (1 3 ) .  In  
th e  s t u d i e s  o f  McLaughlin and Z a in a l ,  s o l u b i l i t i e s  o f  th e  same e i g h t  
a ro m a tic  hydrocarbons as  i n  t h i s  s tudy  p lu s  one more s o l i d  m -te rp h en y l 
were measured in  t h r e e  pu re  s o lv e n t s  benzene ,  carbon  t e t r a c h l o r i d e  and 
cyclohexane .  In  th e  s tu d y  o f  McLaughlin and M esser, th e y  de term ined  
s o l u b i l i t y  o f  n a p h th a le n e ,  b ip h e n y l ,  p e r f lu o ro -n a p h th a le n e  and p e r f lu o r o -  
b ip h e n y l  in  p e r f lu o ro b e n z e n e .  They a l s o  measured th e  s o l u b i l i t y  o f  
p e r f lu o ro -n a p h th a le n e  and p e r f lu o r o - b ip h e n y l  i n  benzene.. McLaughlin and 
Z a in a l  found t h a t  th e  s o l u b i l i t y  o f  th e  n in e  hydrocarbons i n  each  s o lv e n t  
could  be g e n e ra l iz e d  as  a fu n c t io n  o f  th e  en tro p y  change o f  f u s io n ,  
m e lt in g  te m p era tu re  and system te m p era tu re  (1 4 ) .  They a l s o  found t h a t  
th e  n o n - i d e a l i t y  o f  th e  s o lu t e s  in c re a s e d  i n  s e q u e n t i a l  o rd e r  i n  benzene , 
carbon t e t r a c h l o r i d e  and cyclohexane.
In  t h i s  r e s e a r c h ,  th e  work o f  McLaughlin and Z a in a l  i s  ex tended  to  
two p u re  l i q u i d s  p y r id in e  and th io p h e n e .  A lso th e  s o l u b i l i t i e s  o f  th e  
f i r s t  f i v e  s o l i d s  a re  measured in  th e  t h r e e  mixed s o lv e n t s .  For th e  
c o r r e l a t i o n  o f  th e  t e r n a r y  sy stem s, s o l u b i l i t y  d a ta  o f  th e  s o l i d s  in  
b o th  benzene and cyclohexane , which were measured by McLaughlin and 
Z a in a l ,  a re  d i r e c t l y  used in  t h i s  r e s e a r c h .
As in d i c a t e d  e a r l i e r ,  t h e r e  has n o t  been  any g e n e ra l  method to  
c o r r e l a t e  a c t i v i t y  c o e f f i c i e n t s  o f  p o ly c y c l i c  a ro m a tic  hydrocarbon  
s o l i d s  i n  s o lv e n t s .  An unique t r e n d ,  however, can be found from th e  
p re v io u s  c o r r e l a t i o n  work i n  t h a t  a l l  th e  r e s e a r c h e r s  t e s t e d  a c t i v i t y
6c o e f f i c i e n t  e q u a t io n s  hav ing  on ly  one a d j u s t a b l e  p a ra m e te r .  This  i s  
because  th e  s o l u b i l i t y  o f  s o l i d  d a ta  r e p r e s e n t  n o n - is o th e rm a l  e q u i l ib r iu m  
com positions  o f  th e  s o lu t e  a long  th e  s o l i d - s o l v e n t  s a t u r a t i o n  l i n e .  As 
a r e s u l t ,  s o l i d  s o l u b i l i t y  d a ta  do n o t  a l lo w  e v a l u a t i o n  o f  more th a n  one 
a r b i t r a r y  c o n s ta n t  i n  th e  a c t i v i t y  c o e f f i c i e n t  e q u a t io n s .  In  t h i s  
r e s e a r c h ,  t h r e e  s o lu t i o n  m odels , th e  S c a tc h a rd -H ild e b ra n d  r e g u l a r  s o lu ­
t i o n  model, Guggenheim's r e g u la r  s o l u t i o n  model and s c a le d  p a r t i c l e  
th e o ry  a r e  t e s t e d .  As th e  S c a tc h a rd -H ild e b ra n d  model has been found to  
r e p r e s e n t  th e  system s b e s t ,  th e  model i s  m ain ly  used f o r  th e  c o r r e l a t i o n  
o f  th e  e x p e r im e n ta l  r e s u l t s .  By u s in g  th e  S c a tc h a rd -H i ld e b ra n d  e q u a t io n  
th e  a c t i v i t y  c o e f f i c i e n t s  o f  s o lu t e s  i n  a l l  th e  s o lv e n t s  s tu d ie d  can be 
p r e d i c t e d  to  w i th in  two p e r c e n t  acc u racy  on th e  ave rage  i f  o n ly  one 
s o l u b i l i t y  datum p o in t  f o r  each b in a ry  system  i s  a v a i l a b l e .  T h is  d i s ­
s e r t a t i o n  i l l u s t r a t e s  how th e  p r e s e n t  a u th o r  has  used th e  model to  o b ta in  
such c lo s e  agreem ent.
7R eferences
1. Q u a r te r ly  T ec h n ica l  P ro g re s s  R eport 
f o r  th e  p e r io d  A p r i l - J u n e  1976
S o lv en t  R efined  Coal P ro c e s s ,  O p e ra tio n  o f  SRC P i l o t  P la n t  
a t  W i ls o n v i l l e ,  Alabama.
P repared  by C a t a l y t i c ,  In c .  
f o r  ERDA (Cont. No. E (49-18)-2270) and 
EPRI (Cont. No. RP1234-1-2), (1976)
2. D.D. W h ite h u rs t ,  M. F a r c a s iu ,  T.O. M i tc h e l l  and J . J .  D ik e r t  
EPRI-AF48Q, R esearch  P r o j e c t  410-1 , F in a l  R ep o r t ,  (1977)
3- J .G . Warner, R.C. Scheib  and W.J. S v i rb e ly
The S o l u b i l i t y  o f  Biphenyl i n  N on-Polar S o lv e n ts .
J .  Chem. P h y s . ,  21, 590 (1934)
4. A.N. Campbell
The System N apbthalene-Benzene C onsidered  as  an Id e a l  S o lu t io n .  
Can. J .  R e s . ,  19, No. 6 ,  Sec. B, 143, June (1941)
5 . Leonard J .  Gordon and R obert  L. S c o t t
Enhanced S o l u b i l i t y  in  S o lv en t M ix tu re s .  I .  The System P henan th rene-  
Cyclohexane-M ethylene Io d id e .
J .  Am. Chem. S o c . ,  74, 4138 (1952)
6. J .H .  H ild e b ra n d ,  J .  M. P r a u s n i tz  and R.L. S c o t t  
R egu la r  and R e la te d  S o lu t io n s .
Van N ostrand  R einho ld  C o ., New York, (1970)
7. E .L . H e r ic  and C ec i l  D. Posey 
I n t e r a c t i o n  in  N o n e le c t ro ly te  S o lu t io n s
S o l u b i l i t y  o f  N aphthalene in  Some Mixed S o lv e n ts  C on ta in ing  Benzene. 
J .  Chem. Eng. D ata ,  9 ,  No. 1, 35 (1964)
8. E .L . H e r ic  and C e c i l  D. Posey
I I .  S o l u b i l i t y  o f  N aphthalene a t  25°C in  Some Mixed S o lv e n ts  
C o n ta in ing  Toluene , E thy lbenzene .
J .  Chem. Eng. D a ta ,  9 ,  No. 2 , 16, (1964)
9. E .L. H e r ic  and Kwan-Nan Yeh
N aphthalene S o l u b i l i t y  i n  Cyclohexane, Carbon T e t r a c h l o r i d e ,  
and Mixed S o lv en ts  T hereof between 10° and 70°C.
J .  Chem. Eng. D a ta ,  15, No. 1, 13, (1970)
10. E. McLaughlin and H.A. Z a in a l
The S o l u b i l i t y  B ehavior o f  Aromatic Hydrocarbons in  Benzene.
J .  Chem. S o c . ,  863, March (1957)
11. E. McLaughlin and H.A. Z a in a l
The S o l u b i l i t y  B ehavior o f  Aromatic H ydrocarbons.
P a r t  I I .  S o l u b i l i t y  i n  Carbon T e t r a c h l o r i d e .
J .  Chem. S o c . ,  2485, J a n .  (1960)
812. E. McLaughlin and H.A. Z a in a l
The S o l u b i l i t y  B ehav ior  o f  Aromatic H ydrocarbons.
P a r t  I I I .  S o l u b i l i t y  i n  Cyclohexane.
J .  Chem. S o c . ,  3854, O ct. (1960)
13. E. McLaughlin and C.E. Messer
Compound Form ation  and S o l u b i l i t y  o f  Some Aromatic Hydrocarbon 
and F luo rocarbon  Systems.
J .  Chem. S o c . ,  1106 (1966)
14. J.M. P r a u s n i t z
M olecu lar  Thermodynamics o f  F lu id -P h a se  E q u i l i b r i a .
P r e n t i c e - H a l l , I n c . ,  New J e r s e y ,  (1969)
CHAPTER II.
Theory
1) S o l u b i l i t y  o f  S o l id  i n  a L iq u id .
For a s o l u t e  i  i n  a s o lu t i o n  to  be in  e q u i l ib r iu m  w ith  i t s  pure
s o l i d ,  th e  r e l a t i o n s h i p  g iven  by
f S = f £ (2 .1 )
1 1
g
must hold  where s ta n d s  f o r  th e  f u g a c i ty  o f  component i  i n  th e  s o l id  
£
s t a t e  and f^  i n  th e  l i q u i d  s t a t e .  I f  th e  s ta n d a rd  s t a t e  o f  th e  s o lu te  i
i s  th e  subcoo led  l i q u i d  s t a t e  o f  th e  pu re  component i  a t  th e  system 
£
te m p e ra tu re ,  f  i n  e q u a t io n  2 .1  i s  ex p ressed  by (1)
f*  = y .X . f ? 5 (2 .2 )i  *i i  i
o £
where f^  deno tes  th e  f u g a c i ty  o f  component i  i n  i t s  pu re  subcooled 
l i q u i d  s t a t e .  Combining e q u a t io n s  2 .1  and 2 .2  le ad s  to
f® = y .X . f ° £ (2 .3 )l  * i i i
R ea rran g in g  e q u a t io n  2 .3  y i e ld s
^o i
-jfcnX. = £n ( — ) + £ny. ( 2 . A)
X X
i
E qua tion  2 . A shows t h a t ,  to  p r e d i c t  th e  s o l u b i l i t y  o f  a s o lu te  i  in
o l  g
a s o lv e n t ,  two term s f .  / f .  and v . must be known.
1 1  *i
q£  g
The f u g a c i ty  r a t i o  / f ^  i s  e v a lu a te d  by e x t r a p o la t i n g  th e  vapo r-  
l i q u i d  s a t u r a t i o n  l i n e  i n t o  th e  s o l i d  phase  r e g io n  as shown in  f ig u r e s
o£
2 .1  t o  2 . A. S ince  f^  i s  th e  f u g a c i ty  o f  a h y p o th e t i c a l  subcooled 
l i q u i d  s t a t e ,  th e  e x t r a p o l a t i o n  i s  made from th e  t r i p l e  p o in t  in to  th e
9
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s o l i d  phase  r e g io n  u n t i l  th e  e x t r a p o la t e d  l i n e  meets th e  system 
te m p e ra tu re  l i n e  a t  s t a t e  4. In  t h a t  c a se ,  th e  f u g a c i ty  r a t i o  can be 
e x p re s se d  by
f ° £
RT JLn ( - i — ) = m°£ “ (2 .5 )
1 X
i
oj£ 5
where and p^ s ta n d  f o r  th e  chem ical p o t e n t i a l  o f  component i  a t  i t s
subcooled  l i q u i d  and s o l i d  s t a t e ,  r e s p e c t i v e l y .  The r i g h t  hand s id e  of
e q u a t io n  2 .5  can be e v a lu a te d  by summing th e  changes o f  m olar e n th a lp y
and e n t ro p y  between s t a t e s  1 and 4 as  ex p ressed  by
p?£ -  pS = Ag. = Ah. -  TAS. (2 .6 )r i i  i  i
1+4 1+4
The m olar e n th a lp y  change AIk  can be e x p re s se d  by
1+4
Ah. — Ah. + Ah. + Ah.
1 1 1 1
1+4 1+2 2+3 3+4
TC . f r= /  C . dT + Ah* + * lj  m  i T  Tp i  iT t  ' -Tt  Cp i dT
= Ah* + f AC .dT (2 .7 )
i  t  \  P1
f
where Ah._ s ta n d s  f o r  th e  m olar  h e a t  o f  f u s io n  o f  component i  a t  th e  
t
t r i p l e  p o in t  Tt  and th e  d i f f e r e n c e  o f  th e  molar s p e c i f i c  h e a t  be­
tween th e  l i q u i d  and s o l i d  p h ase .  The m olar e n t ro p y  change AS^ can be
1+4e v a lu a te d  in  th e  same manner.
AS. = AS. + AS. + AS.
1 1 1 1
1+4 1+2 2+3 3+4
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/*  cs . “ 4  n  c*.
J  dT + -= — -  + J „  dT T T T T
f T AC .
= AS* +JL  — E i  dT (2 .8 )
t  t
AS^t in  e q u a t io n  2 .8  s i g n i f i e s  th e  m olar e n tro p y  o f  fu s io n  o f  component 
i  a t  t r i p l e  p o in t .
S u b s t i t u t i o n  o f  e q u a t io n s  2 .7  and 2 .8  i n t o  e q u a t io n  2 .6  le a d s  to
^  = “ iT ' f  “ V O X  -  T [4S* * £  ^  dT] (2
Combining e q u a t io n s  2 . 4 ,  2 .5  and 2 .9  w i th  th e  assum ption  T = Tm y ie ld s
+ AC .dT -  J  [AS* + £  dT]
9)
Ah*T /T  /-I-
-JKnX. = mi  RT RT T p i  R 1 iT T T m m m
+ Anyi  (2 .1 0 )
where T^ s ta n d s  f o r  th e  normal m e l t in g  te m p e ra tu re  o f  s o l u t e  i .  E qua t ion
2 .1 0  i s  th e  g e n e ra l  e x p re s s io n  f o r  th e  s o l u b i l i t y  o f  a s o l i d  in  a s o lv e n t .
T h is  e q u a t io n  has been f u r t h e r  s im p l i f i e d  by imposing more a ssum ptions.
When AC . in  e q u a t io n  2 .10  i s  assumed to  be c o n s ta n t  as  recommended 
P i
by H ild eb ran d  e t  a l .  ( 2 ) ,  th e  e q u a t io n  reduces  to
f
-£nX. =
^ i T  AC . -  AC . T
F2 ~ " 5 ^  (T -  T) -  i  [AS* -  - = E i  JLn = £  ]i  RT RT v m 7 R 1 iT Tm
+ ( 2 . 11)
Ah*^, i n  e q u a t io n  2 .11  can be r e w r i t t e n  as  
m
* * 4  == Tm4SiT ( 2 ‘ 12)m m
S u b s t i t u t i n g  e q u a t io n  2 .12  f o r  i n  e q u a t io n  2 .11 le a d s  to
m
iT T AC . T AC . T
_ onX =  --------— ( —  -  11 -  __P A  (  _J5 _ + — E i  on  _5!
i  R T '  R T J R T
+ Any.. (2 .13 )
In  e q u a t io n  2 .1 3 ,  we may f u r t h e r  assume t h a t  AC . eq u a ls  AC*.™ th e  molar
P 1 P1  m
s p e c i f i c  h e a t  d i f f e r e n c e  between th e  l i q u i d  and s o l i d  s t a t e s  a t  T . In
t h i s  c a s e ,  AC*.™ i s  a p h y s i c a l ly  e x i s t i n g  p ro p e r ty  and e a s i l y  found.
"  m
This assum ption ,  t h e r e f o r e ,  l e a d s  to
^ i T  T ACpiT  T ACpiT  Tft xr m / in . % id / id . *. . 0  a m
■“ i = - R -  ( r  ‘ — r ( r  ‘ °  + t t -  *“ r
+ Any^ (2 .14 )
The i d e a l  s o l u b i l i t y  can be o b ta in e d  from e q u a t io n  2 .14  w ith  y^ s e t  equa l
to  u n i ty
f  f  fAS „  „  AC „ „  ACiT T piT  T piT  T
-**i = - T t r » -  —ir5 < f  ~ + -r-5 £n r
(2 .15 )
The lo g a r i th m  term  i n  e q u a t io n  2 .15  may be expanded to
T T T 2 , T 3
An ^  ^  -  1 ) -  \  ( ^  -  1 ) + |  ( i f -  -  D  -  . . . .  (2 .16 )
Combining eq u a t io n s  2 .15  and 2 .16  le a d s  to
^ i T  T ACpiT  T 2
-jeax. = ^  - i)  - ( § ( t21 - i)
T 3
" i  ( T 5  " 1} + •■•J (2 ,1 7 )
The second te rm  i n  th e  r i g h t  hand s id e  o f  e q u a t io n  2 .17 becomes i n s i g ­
n i f i c a n t  compared to  th e  f i r s t  when Tm/T i s  n e a r  u n i t y .  A cco rd ing ly ,
th e  e q u a t io n  can be f u r t h e r  reduced to
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At low er te m p e ra tu re s ,  where T^/T becomes l a r g e ,  e v a lu a t io n  o f  th e  non­
i d e a l i t y  based  on th e  i d e a l  s o l u b i l i t y  d e f in e d  by e q u a t io n  2 .18  can cause 
a s i g n i f i c a n t  e r r o r .  T h e re fo re ,  e q u a t io n  2 .1 4  must be used whenever 
a c c u ra te  v a lu e s  o f  a c t i v i t y  c o e f f i c i e n t s  a r e  n e c e s s a ry .
When a f i r s t  o rd e r  phase  t r a n s i t i o n  ta k e s  p la c e  i n  th e  s o l i d  p h a se ,  
f i g u r e s  2 .3  and 2 .4  may be changed to  f i g u r e s  2 .5  and 2 .6 .  F u rtherm ore ,  
th e  c o n t r i b u t i o n  o f  th e  e n th a lp y  and e n t ro p y  changes o f  th e  phase  t r a n s ­
i t i o n  must be in c lu d e d  in  th e  s o l u b i l i t y  e q u a t io n s  f o r  th e  s o lu t io n  
te m p e ra tu re s  below th e  t r a n s i t i o n  p o in t .  In  t h i s  c a s e ,  e q u a t io n  2 . 8  and 
2 .9  must be r e v i s e d  to  in c lu d e  th e  p a th  f o r  t h e  phase t r a n s i t i o n  from 
th e  s o l i d  s t a t e  5 t o  6  i n  f i g u r e s  2 .5  and 2 .6  
Ah. = Ah. + Ah. + Ah. + Ah. + Ah.l i i i i i
l-*4 l->5 5->6 6->2 2-»3 3->4
Tp Tt  T
= I C1 . dT + f C*^dT + /  CA.dT + Ah? + Ah* (2 .19 )J j, p i  J j, p i  p i  i  i
AS. = AS. + AS. + AS. + AS. + AS. 
1 1 1 1 1 1
l->4 l-*5 5-*-6 6-'■2 2**3 3^4
T T T
A c 1. h  c11 r c£.
= j{  dT + J^  dT + JT dT + ASP + AS* ( 2 . 2 0 )
P t
where C*. and C*? a r e  th e  m olar s p e c i f i c  h e a t s  o f  s o l i d  phases  I and I I ,p i  p i  *
r e s p e c t i v e l y .  I f  we assume t h a t  C*. = C** = CS and t h a t  AC = Cp i  p i  p p p
g
Cp, e q u a t io n s  2 .19  and 2 .2 0  th e n  reduce  to
Ah. = Ah* + Ah?„ + /  AC .dT (2 .2 1 )l  iT iT  J  p i
and t
f  /* T AC .
AS± = AS^T + A S ^  dT (2 .2 2 )
t  p t
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where Ab^j and AS?X s i g n i f y  th e  m olar e n th a lp y  and e n tro p y  changes o f  
1 P 1  P
phase t r a n s i t i o n .  C onsequen tly ,  e q u a t io n  2 .9  may be r e w r i t t e n
noii -  US = Ahf „  + hP + f AC dT i  i  iT. iT  JL p i  t  p Tfc
f  /*T AC .
-  T [A S ^  + AsPj. + y T — ^  dT] (2 .2 3 )
t  p t
Upon r e a r r a n g in g  e q u a t io n  2 .23  w ith  th e  d e f i n i t i o n  o f  e n th a lp y
Ah?x = T AS?t  (2 .2 4 )
P P
and an assum ption  Tt  = T^, we a r r i v e  a t  th e  e x p re s s io n  g iv e n  by Weimer 
and P r a u s n i tz  (1 2 ) .
m
R •'T
•T AC .
dT + jenyi  (2 .2 5 )
m
fWhen AC . i s  a g a in  assumed to  be AC >T , e q u a t io n  2 .25  can be r e w r i t t e n  
p i  p i  m
ASiT T ASp t t ACpiT  T
-jaa«xi  = — Y 3  ( Y  -  1) + — R 2  ( . 7 ^ - 1 )  Y 3  ( T  " 1}
ACpiT  T
+  Y 51 i n  T  + £nYi  (2 .2 6 )
E qua tion  2 .26  has  one a d d i t i o n a l  term
^ i T  T
^  -  1) (2 .2 7 )R '  T
i n  a d d i t i o n  t o  th e  te rm s in  e q u a t io n  2 .1 4  f o r  th e  c o n t r i b u t i o n  o f  th e  
s o l i d  phase  t r a n s i t i o n .  C onsequen tly ,  i d e a l  s o l u b i l i t y  e q u a t io n s  can be 
d e r iv e d  from e q u a t io n  2 .26  by ap p ly in g  th e  same assum ptions  made p r e ­
v io u s ly  f o r  e q u a t io n  2 .15
The id e a l  s o l u b i l i t y  e q u a t io n  co rre sp o n d in g  to  e q u a t io n  2 .1 8 ,  th e n ,  
becomes
ASf „ _ AS?miT T iT T
-JtnXi  = — j - 2  ( y2  -  1) + — p - 2  ( ^  -  1) (2 .2 9 )
For th e  case  o f  a lambda p o i n t  t r a n s i t i o n ,  th e r e  a re  no s te p
f u n c t io n  changes i n  th e  thermodynamic p r o p e r t i e s  on going  from s o l i d
phase  I to  s o l i d  phase I I ,  and so f i g u r e s  2 .5  and 2 .6  must be r e v i s e d  to
f i g u r e s  2 .7  and 2 .6 .  A lso ,  e q u a t io n s  2 .21  and 2 .22  must be m odif ied  to
drop Ah^j, and AS?^ and r e p la c e  them w ith  co rre sp o n d in g  term s (3)
1  P 1  P
/.T,
c .
T Cp i dT and T dTa a
where C ^ r e p r e s e n t s  th e  s p e c i f i c  h e a t  o f  th e  s o l i d  between te m p e ra tu re s  
T and T. d u r in g  which th e  lambda p o i n t  t r a n s i t i o n  ta k e s  p la c e .  Below
3  D
Tfi on ly  s o l i d  phase  I e x i s t s  and above T^ o n ly  s o l i d  phase  I I  e x i s t s .  
C orresponding  changes in  th e  l i m i t s  o f  i n t e g r a t i o n  in  th e  f i r s t  and 
second te rm s o f  e q u a t io n s  2 .19  and 2 .2 0  a r e  a l s o  n e c e s s a ry  w ith  Tg 
r e p la c in g  T^ i n  th e  f i r s t  and T^ r e p la c in g  T^ in  th e  second. I f  th e  
changes a r e  made, we o b ta in
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if T -  /  (C£ . - CI .)dT -  f  (CA. -  CB. )dTxTt  J j  p i  p i '  J T p i  p i
r T t ^ -  i i  r Tb b-  I (C . C .)dT + 1  (C . -  C . )dT (2 .3 0 )
P i  P i  JT P i  P i
b a
f V .  f\ . f\u F  c fi .
AS, = dT + 4  dT + -? - £ i  dT +JL dTT T T T T. T Ta b
+ A S m iT t
rTa c 4  -  c 1 . rtb cs . -  c*
:f  .  J ( ..gi  £ 1  ) dT -  A  (  E i
= “ I t  ~ JT ( 5 dT -  JT ( > dTt  a
Ct c£. - cn  f b c . - cB.
-  J  ( p i  T p i  ) dT + JT ( p i ' Y P  ^ ) dT (2 .3 1 )
b a
g
C ^ in  e q u a t io n s  2 .30  and 2 .31  i s  th e  b ase  l i n e  o f  th e  s p e c i f i c  h e a t
d u r in g  th e  phase  t r a n s i t i o n .  I f  an assum ption  i s  made such t h a t
£  T £  I I  £  BC . -  C . = C . -  C . = C . - C . = AC .p i  p i  p i  p i  p i  p i  p i
f  f T t  A  B. = Ah'T -  J AC dT + J  (C -  C“  ) dT (2 .3 2 )
th en  e q u a t io n s  2 .30  and 2 .31 reduce  to
T^ „T
P i JT  P i  P i 
L 1 a
C\c ' / b  c . -  c B .
AS. = AsJt  -  J  — dT + JT ( p i  T p i  ) dT (2 .3 3 )
t  a
Consequently  e q u a t io n  2 .23  may be r e w r i t t e n  f o r  a lambda p o i n t  t r a n s i t i o n .
-  I  ACp i dT + J  (Cp i  -  Vp?£ -  (jS = Ahf_ -  J  AC .dT + / (C . -  C*\) dTHi  Mi  iT t  •/,  •'j. p i
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f LAC . f Tb C . -  CB.
-  T [A S ^  -  JT — dT + J ,  ( P 1 i , - £ 1  ) dT]
t  a (2 .3 4 )
Combining e q u a t io n s  2 .4 ,  2 .5  and 2 .34  w ith  th e  assum ption  o f  T = T^
f
and AC . = AC y i e l d s  
P I P m
^ i T  T ACpiT  T ACpiT  T
a v  __   0) /  id .  % m ,  m - v , id » ni
i  “  R T ^  R T  ^ R T
+ £nyi  + A (2 .3 5 )
where A. th e  a d d i t i o n a l  e f f e c t  o f  th e  lambda p o in t  t r a n s i t i o n  i s  g iven  by
rTb rTb c cb
* = h  T (Cp i  '  '  5  T ( p l T ^  > dT ( 2 ' 36)a *  *  a
N o ticed  t h a t  th e  f i r s t  te rm  in  th e  r i g h t  hand s id e  o f  e q u a t io n  2 .36  
r e p r e s e n t s  th e  o v e r a l l  c o n t r i b u t i o n  o f  e n th a lp y  caused by th e  lambda 
p o in t  t r a n s i t i o n  and th e  second term e n t ro p y ,  th e  e q u a t io n  may be 
r e w r i t t e n  as
Ah? AS?
* = sr - -r (2-37>
where Ah? and AS? deno te  th e  m olar e n th a lp y  and e n t ro p y  change o f  phase 
t r a n s i t i o n ,  r e s p e c t i v e l y .  A cco rd in g ly ,  a n a l y t i c a l  e x p re s s io n s  o f  sp e ­
c i f i c  h e a t  f o r  th e  ph ase  t r a n s i t i o n  can be i n t e g r a t e d  as g iven  by equa­
t i o n  2 .36  and t a b u l a r  form o f  e n th a lp y  and e n tro p y  d a ta  can be used by 
e q u a t io n  2 .3 7 ,  E q u a t io n  2 .35  may be reduced  to  th e  i d e a l  s o l u b i l i t y  
e q u a t io n s  making th e  same assum ptions  as  made p r e v io u s l y  f o r  e q u a t io n  
2 .28  and 2 .2 9 .
E qua tion  2 .14  th e r e f o r e  r e p r e s e n t s  th e  s o l u b i l i t y  o f  s o l i d s  e i t h e r  
when no phase  t r a n s i t i o n  ta k e s  p la c e  o r  when th e  system  te m p e ra tu re  i s
20
above th e  end o f  phase  t r a n s i t i o n .  E qua t ion  2 .26  r e p r e s e n t s  th e  
s o l u b i l i t y  o f  s o l i d s  undergo ing  a f i r s t  o rd e r  t r a n s i t i o n  a t  te m p e ra tu re s  
below T , whereas e q u a t io n  2 .35  r e p r e s e n t s  th e  s o l u b i l i t y  o f  s o l i d s  
undergoing' a lambda p o in t  t r a n s i t i o n  a t  te m p e ra tu re s  below T . F o r  th e  
te m p era tu re  i n t e r v a l  between th e  b e g in n in g  and th e  end o f  a lambda p o in t  
t r a n s i t i o n ,  th e  s o l u b i l i t y  o f  s o l i d s  s t i l l  can be ex p re ssed  by e q u a t io n
2 .35  by r e p la c in g  T by T. In  t h a t  case  th e  te rm  A g iv e n  by e q u a t io n3
2 .36  r e p r e s e n t s  th e  o v e r a l l  e f f e c t  o f  a phase  t r a n s i t i o n  on th e  s o lu ­
b i l i t y  o f  a s o l i d  from th e  s o lu t i o n  te m p e ra tu re  T to  th e  end o f  phase 
t r a n s i t i o n  T^. A cco rd in g ly ,  th e  a c t i v i t y  c o e f f i c i e n t  o f  a s o l u t e  y^ can 
be e v a lu a te d  by u s in g  th e  e q u a t io n s  i f  th e  p h y s ic a l  c o n s ta n t s  in  th e  
e q u a t io n s  and th e  s o l u b i l i t y  o f  th e  s o l i d  d a ta  v s . . T  a re  a v a i l a b l e .  
A l t e r n a t i v e l y ,  s o l u b i l i t y  o f  a s o l i d  can be p r e d i c t e d  by th e  e q u a t io n s  
i f  one can p r e d i c t  a c t i v i t y  c o e f f i c i e n t  yi  o f  th e  s o l i d  as  a s o lu t e  in  
th e  s o lu t i o n .
2) Models f o r  th e  A c t i v i t y  C o e f f i c i e n t .
The a c t i v i t y  c o e f f i c i e n t  y^ has been modeled i n  v a r io u s  forms 
depending on th e  e x t e n t  o f  i n t e r a c t i o n  between th e  m olecu les  in  th e  
s o lu t i o n  (4 ) .  E v a lu a t io n  o f  th e  a r b i t r a r y  c o n s ta n t s  i n  th e  a c t i v i t y  
c o e f f i c i e n t  e q u a t io n s ,  however, r e q u i r e s  e q u i l ib r iu m  d a ta  t o  be tak en  
under i s o th e rm a l  and i s o b a r i c  c o n d i t io n s .  This  req u irem en t may be more
c l e a r l y  u n d ers to o d  i f  we examine th e  s te p s  f o r  th e  d e r i v a t i o n  o f  th e
»
Gibbs-Duhem e q u a t io n .  Supposing t h a t  M i s  a m olar e x t e n s iv e  p ro p e r ty  
and n th e  number o f  moles i n  th e  system , one may w r i t e  f o r  M (T,p,n^)
d0*> = c f f  )p>tt dT * C I f  )I  n dp ♦ a.d^ (2 .38)
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The te rm  i n  th e  l e f t  hand s id e  o f  e q u a t io n  2 .38  can be expanded to  
d(nM) = d(Zn.M .) = ZM.dn. + In.dM. (2 .3 9 )
1 X 1 1 1 1
where tL i s  th e  p a r t i a l  molar p r o p e r ty  o f  component i .  Combining 
e q u a t io n s  2 .38  and 2 .39  th e n  le a d s  to
= (  T T  ^p ,n  dT * < >T ,o dP ( 2 - 4 0 )
E EWhen we choose nM t o  be G /RT where G i s  th e  excess  Gibbs f r e e  ene rgy ,  
e q u a t io n  2 .40  can be r e w r i t t e n
SE E E^ j  , gi  a _ ,  9G /RT  ^ Jn, . / 9G /RT x
i  RT  ^ 9T p ,n  dT + C - 5 p  T ,n  d?  ( 2 ‘41)
From thermodynamic r e l a t i o n s h i p s ,  we o b ta in
-E
8i = to * .  (2 .4 2 )
< ^  >P,n  ■ -  £
f 9GE/RT . _ V®
1 9p T ,n  “  RT (2 .44 )
S u b s t i t u t i n g  e q u a t io n s  2 .4 2 ,  2 .43  and 2 .44  i n t o  2.41 and d iv i d in g  th e  
r e s u l t i n g  e q u a t io n  by n y i e l d s
E E
ZX.dEny. = -  ^  dT + ^  dp (2 .4 5 )
RT
The a c t i v i t y  c o e f f i c i e n t  e q u a t io n s ,  t h e r e f o r e ,  must s a t i s f y  th e  r e l a ­
t i o n s h i p  g iv e n  by e q u a t io n  2 .45  when th e  a c t i v i t y  c o e f f i c i e n t s  a r e  ta k e n
under n o n - is o th e rm a l  and n o n - i s o b a r ic  c o n d i t io n s .  When th e  a c t i v i t y  
c o e f f i c i e n t s  a re  ta k e n  under c o n s ta n t  te m p e ra tu re  and p r e s s u r e ,  however, 
e q u a t io n  2 .4 5  o b v io u s ly  reduces  to
ZX±d£nyi  = 0  (2 .4 6 )
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When th e  d a ta  a re  ta k e n  under is o th e rm a l  c o n d i t io n s  bu t  n o t  i s o b a r i c ,  
e q u a t io n  2 .45  i s  reduced to * ■
E
2Xi d£ny. = ^  dp (2 .4 7 )
In  t h i s  c a s e ,  one may assume t h a t  th e  term  in  th e  r i g h t  hand s id e  o f  
e q u a t io n  2 .47  i s  n e g l i g i b l e ,  when th e  p r e s s u r e  change i s  n o t  l a r g e .  For 
n o n - is o th e rm a l  d a t a ,  however, one cannot n e g le c t  th e  e f f e c t  o f  tem pera­
tu r e  change on th e  a c t i v i t y  c o e f f i c i e n t  because  th e  f i r s t  term in  th e  
r i g h t  hand s id e  o f  e q u a t io n  2 .45  i s  u s u a l l y  a p p r e c ia b le .
A cco rd in g ly ,  t o  s a t i s f y  e q u a t io n  2 .4 7 ,  th e  c o n s ta n ts  i n  an a c t i v i t y  
c o e f f i c i e n t  e q u a t io n  must be e v a lu a te d  by u s in g  is o th e rm a l  a c t i v i t y  
c o e f f i c i e n t  d a t a .  S o l u b i l i t y  o f  s o l i d  d a t a ,  however, p roduce on ly  one 
i s o th e rm a l  a c t i v i t y  c o e f f i c i e n t  a t  a s o l u t i o n  te m p era tu re  a long  th e  
s o l i d - l i q u i d  s a t u r a t i o n  l i n e .  For t h i s  r e a so n ,  Guggenheim's r e g u la r  
s o lu t i o n  and th e  S ca tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  e q u a t io n s ,  which 
have o n ly  one a r b i t r a r y  c o n s ta n t ,  have been e x t e n s iv e ly  used to  c o r ­
r e l a t e  th e  s o l u b i l i t y  o f  s o l i d  d a t a .  The S c a tch a rd -H ild eb ra n d  r e g u la r  
s o lu t i o n  e q u a t io n  r e q u i r e s  s o l u b i l i t y  p a ram e te rs  t o  be e v a lu a te d  from 
th e  p h y s ic a l  p r o p e r t i e s  o f  th e  p u re  su b s ta n c e s  o n ly .  When th e  
s o l u b i l i t y  p a ram e te rs  cannot be e v a lu a te d  due to  th e  la c k  o f  in fo rm a­
t i o n  on p h y s ic a l  p r o p e r t i e s ,  th e  e q u a t io n  canno t be used f o r  th e  
c o r r e l a t i o n  o f  th e  s o l u b i l i t y  o f  a s o l i d  as  i t  c o n ta in s  more th a n  one 
unknown p a ram e te r .
In  th e  p r e s e n t  r e s e a r c h ,  th e  S c a tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  
model i s  m ain ly  used as i t  has been found to  be th e  most a c c u r a te .  In 
a d d i t i o n ,  Guggenheim's s t r i c t l y  r e g u la r  s o l u t i o n  model and th e  s c a le d  
p a r t i c l e  th e o ry  a re  a l s o  t e s t e d  f o r  t h e i r  u s e f u ln e s s  i n  t h i s  c o r r e l a t i o n  
work.
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i )  The S c a tc h a rd -H ild e b ra n d  R egu lar  S o lu t io n  Theory.
R egu la r  s o l u t i o n  th e o ry  has been e x t e n s iv e ly  used f o r  th e  c o r ­
r e l a t i o n  o f  th e  a c t i v i t y  c o e f f i c i e n t  o f  components i n  n o n -p o la r  system. 
The th e o ry  i s  based  on th e  two b a s ic  assum ptions (2)
vE — 0 (2 .48 )
s E = 0 (2 .49 )
E Ewhere v s ta n d s  f o r  m olar ex cess  volume and s f o r  m olar excess  en tropy
o f  s o l u t i o n .  The m olar ex ce ss  Gibbs f r e e  ene rgy ,  on th e  o th e r  hand, can
be e x p re s se d  by
E E m E , E r .g = u -  Ts + pv (2 .5 0 )
Combining e q u a t io n s  2 .4 8 ,  2 .49  and 2 .50  le a d s  to
gE = uE (2 .5 1 )
The main advan tage  o f  hav ing  t h i s  r e l a t i o n s h i p  l i e s  in  th e  f a c t  t h a t  th e
E Ee q u a t io n  e n a b le s  one to  e s t im a te  r e a d i l y  th e  v a lu e  o f  g by knowing u
th e  m olar ex ce ss  i n t e r n a l  ene rgy .  S ince  th e  i n t e r n a l  energy  change o f
m ixing f o r  an i d e a l  s o l u t i o n  i s  z e ro  ( 5 ) ,  th e  m olar excess  i n t e r n a l
energy  o f  m ixing f o r  a n o n - id e a l  system can be a d e q u a te ly  r e p re s e n te d  by
uE = (Au) . . (2 .52 )mixing
A cco rd in g ly ,  a c t i v i t y  c o e f f i c i e n t s  can be ex p re s se d  by
£nYi  = RT * 3nf~  JT ,p ,n j?ti (2 .5 3 )
. 8 n(Au) . .
= 5¥ I  „  „ <2 -54>RT 8 n^ T , p , n j ^
The r e l a t i o n s h i p  g iv e n  by e q u a t io n  2 .5 4  i s  p o s s i b l e  on ly  w ith  th e  a s ­
sum ptions g iv e n  by e q u a t io n s  2 .48  and 2 .4 9 .
S c a tc h a rd  and H ild eb ran d  (2) su g g es ted  a method to  e v a lu a te  
(Au)ni^x^ng in  e q u a t io n  2 .54  by in t r o d u c in g  th e  s o l u b i l i t y  p a ram ete r  6  
and co h es iv e  energy  d e n s i ty  C d e f in e d  by
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, Auv ^
6 . = C7. = ( ) (2 .5 5 )l  n  £ '
i
C . . * (C . .C .  , ) ^ ( l - £ . . )  (2 .5 6 )
i j  i i  JJ  i j
y
In  th e  e q u a t io n s ,  Au^ s ta n d s  f o r  th e  i n t e r n a l  energy  change o f  v a p o r iz a -
£
t i o n  o f  component i  and v i  f o r  th e  l i q u i d  m olar volume o f  p u re  l i q u i d  i ,
b o th  a t  th e  same te m p e ra tu re  T ( 6 ) .  Cohesive energy  d e n s i t y  C „
r e f l e c t s  in t e r m o le c u la r  f o r c e s  between m olecu les  o f  component i  and j ,
and £ . . a b in a ry  p a ra m e te r  t o  c o r r e c t  th e  g e o m e t r ic a l ly  averaged te rm  
i  J
(C. .C. . A  
JJ
(Au)m^x ^ng f o r  a m ulticom ponent system  (2 ) i s  e x p re ssed  by
(Au) . . = ( 2 X . v £ ) (  J  22A. .$.<►.) ( 2 . 5 7 )mixing l  l  i  2  i j  i j t i t j '
where
X . v &
0 .  = ( 2 . 5 8 )
F k vk
and
A . . = ( 6 . -  6 . ) 2  + 2 £ . . 6 . 6 . (2 .5 9 )
i j  i  J i J  i  J
E q u a t io n  2 .57  can be d i f f e r e n t i a t e d  i n  th e  form o f  e q u a t io n  2 .54  to  g ive  
an e x p re s s io n  f o r  th e  a c t i v i t y  c o e f f i c i e n t .
\  S  (Ay  ' 5 V * A  <2'60)
For a b in a ry  system  e q u a t io n  2 .6 0  may be r e w r i t t e n  f o r  components 1 and 
2 .
RTEnyj = v 2 <t>2 { ( 6 1- 6 2 ) 2 + 2 * 126 i 6 2 J ( 2 ' 61 )
RT£ny2  = v^ 2  { (6 1 ~6 2 ) 2  + 2 ^ 6 ^ }  (2 .6 2 )
L ik ew ise ,  e q u a t io n  2 .60  can be expanded f o r  a t e r n a r y  system .
RTfiyj = v2 IA1 2 * 2 + A13*3 + (A12 + A13 a 2 3 ) *2*3
RT£y2 -  v2
1* 1 2 *? + A23*3 + (A12 + A23 "  A13} *1*3
R ltV , = v2 f A13*l + A23*2 + ^A13 + A23 "  A1 2 ^ * 1 * 2
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(2 .6 3 )
(2 .6 4 )
(2 .6 5 )
where
ir 6 2 ) 2 + 2 £ 1 2 S 1 S 2 ( 2 . 6 6 )
T 6 3 ) 2 + 21136 163 (2 .6 7 )
'2’ 6 3 ) 2 + 2£236263 ( 2 . 6 8 )
A12 =
A13 =
A23 =
The b in a ry  p a ram e te r  in  th e  above e q u a t io n s  can be found by f i t t i n g
ex p e r im en ta l  a c t i v i t y  c o e f f i c i e n t s ,  e i t h e r  y^ o r  y ^  , o f  th e  b in a ry  p a i r  
system i - j . When e x p e r im e n ta l  d a ta  a re  a b s e n t ,  £ „  may be assumed z e ro .  
In  t h a t  c a s e ,  th e  S c a tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  th e o ry  p r e d i c t s  
a c t i v i t y  c o e f f i c i e n t s  u s in g  p h y s ic a l  p r o p e r t i e s  o f  th e  pure  s u b s tan ce  
o n ly .  A cco rd in g ly ,  e q u a t io n s  2 .61 and 2 .62  a r e  reduced  to
RTJKnVj = V j ^  ( V 6 2 ) 2  ( 2 ' 69)
RT£ny2  = v2 *)2  f V 6 2 ) 2  (2 ,70 )
For t e r n a r y  sy s tem s, on th e  o th e r  hand, e q u a t io n s  2 .63  to  2 .65  reduce  to  
RTJlnyj = v2  (f i j -f i ) 2  (2 .7 1 )
RT£ny2  = v2  (fi2 -fi) 2  (2 .72 )
RTJeny3  = v2  ( 6 3 - 6 ) 2  (2 .73 )
where
6  = + 4*2^2 + *3 ® 3  (2 .74 )
E qua tions  2 .71  t o  2 .73  a r e  sometimes w r i t t e n  i n  a n o th e r  form. E qua tion  
2 .7 2 ,  f o r  exam ple, can be r e w r i t t e n
RT£ny2  = v2 «|>2  < V 6 0 ) 2  (2>75)
where
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and
♦o s  *1 + ^3 (2 .77 )
E q u a t io n s  2 .72  and 2 .75  a r e  e q u iv a le n t  t o  each  o th e r  and can p r e d i c t  ^  
w ith  p h y s ic a l  p r o p e r t i e s  o f  t h e  p u re  components on ly .
i i )  Guggenheim's R egu la r  S o lu t io n  Theory.
Guggenheim (7) developed  a model f o r  (^ u5m;[xi n g by co u n tin g  th e  
i n t e r a c t i o n  energy  o f  m o lecu les  i n  th e  s o l u t i o n  l a t t i c e ,  assuming t h a t  
l i q u i d  s t a t e  i s  q u a s i c r y s t a l l i n e .  Summing up a l l  th e  i n t e r a c t i o n  
e n e rg ie s  between m o lecu les  on th e  l a t t i c e ,  he o b ta in e d  an e x p re s s io n  f o r  
a b in a ry  m ix tu re
(Au) . . = N.U)1 0 X.X„ (2 .7 8 )v 'm ix in g  A 12 1 2
where was A vogadro 's  number and U)j2  in te rc h a n g e  energy  ex p re s se d  by
= z [r12 - \ (rn  + r22) ] (2.79)
In  e q u a t io n  2 .7 9 ,  Z i s  th e  c o o r d in a t io n  number and I~„ th e  p o t e n t i a l  
energy  o f  i n t e r a c t i o n  o f  i - j  p a i r .
Upon d i f f e r e n t i a t i n g  e q u a t io n  2 .78  in  th e  form o f  e q u a t io n  2 .5 4 ,  
one o b ta in s  e x p re s s io n s  f o r  th e  a c t i v i t y  c o e f f i c i e n t s  f o r  b o th  compo­
n e n ts  1 and 2 .
W , n n
= #  4  (2 .8 0 )
2 ny2  = ^  X* (2 .8 1 )
where k i s  B o ltzm ann 's  c o n s ta n t  (1 .3 8  x 10 e r g /K ) . When e q u a t io n  
2 .8 0  and 2 .81  a r e  e x p re s se d  on a m olar  r a t h e r  th a n  a m o le c u la r  b a s i s ,  
th e  e q u a t io n s  may be r e w r i t t e n
£nY, = Xj  ( 2 ' 82)
i " ‘z  = S T  X 1 C2' 83)
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where = N^u>j 2 . In  f a c t ,  e q u a t io n s  2 .82  and 2 .83  a r e  th e  same form 
as  th e  tw o - s u f f ix  M argules e q u a t io n  ( 1 ) .  When th e  e q u a t io n s  a re  ex­
tended  to  t e r n a r y  system s by fo l lo w in g  th e  co n v en tio n  o f  th e  tw o - s u f f ix  
Margules e q u a t io n ,  one o b ta in s
RTJdVj = W12x 2 + W13X^ ,  (W12 + w13 -  W2 3 )X2X3 ( 2 . 8 4 )
RT2nY2  = W1 2 X^ + W^X2  + (W1 2  + W2 3  -  W ^ X ^  (2 .8 5 )
RTJnY3  = W1 3 X^ + W2 3 x |  ♦ ( « l 3  ♦ W2 3  -  W1 2 )X,X2  (2 . 8 6 )
The c o n s ta n t  W„ i n  th e  e q u a t io n s  s ta n d s  f o r  th e  in te rc h a n g e  energy  o f  a 
b in a ry  p a i r  i - j . As seen  from e q u a t io n  2 .7 9 ,  th e  in te rc h a n g e  energy  W„ 
i s  independen t o f  co m p o si t io n .  E s p e c i a l l y ,  when th e  c o n s ta n t  i s  in d e ­
p enden t o f  te m p era tu re  and p r e s s u r e  f o r  a s o l u t i o n ,  th e  s o lu t i o n  i s  
named a " s t r i c t l y  r e g u la r  s o lu t i o n "  by Guggenheim (7 ) .  .
i i i )  S ca led  P a r t i c l e  Theory.
For a v e ry  d i l u t e  s o l u t i o n ,  Fowler ( 8 ) showed t h a t  th e  chemical 
£
p o t e n t i a l  o f  a s o lu t e  n2  can be e x p re s sed  by
= -  X2  + '  kTAnA2 j 2  + kT£n C T  } C2’87)
where ~x2  I s th e  p o t e n t i a l  energy  o f  a s o lu t e  m olecu le  i n  th e  s o lu t io n
r e l a t i v e  to  i n f i n i t e  s e p a r a t io n ,  P th e  p r e s s u r e ,  v™ th e  p a r t i a l  molec-
3
u l a r  volume o f  th e  s o l u t e ,  A.2  and j 2  th e  p a r t i t i o n  fu n c t io n s  p e r  
m olecu le  f o r  th e  t r a n s l a t i o n a l  and i n t e r n a l  d eg ree s  o f  freedom f o r  th e  
s o l u t e ,  N2  th e  number o f  s o l u t e  m olecu les  in  th e  s o l u t i o n ,  and V th e  
volume o f  th e  s o l u t i o n .  For v e ry  d i l u t e  s o lu t i o n s
V = NjV® (2 .88 )
where v™ i s  m o lecu la r  volume o f  s o lv e n t  and 
N2 N257 s r = x2 (2-89)
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N o tic in g  t h a t  th e  f i r s t  two te rm s i n  th e  r i g h t  hand s id e  o f
e q u a t io n  2 .87  r e p r e s e n t  th e  r e v e r s i b l e  work r e q u i re d  to  in t ro d u c e  one
s o lu t e  m olecule  i n t o  a s o l u t i o n  o f  c o n c e n t r a t io n  Nj/V, we may w r i t e  (9)
-X2  + P^ 2  = gC + g l  ^2 ' 9 0
v p
where g i s  th e  p a r t i a l  m o le c u la r  Gibbs f r e e  energy  r e q u i r e d  f o r  th e
c r e a t io n  o f  a c a v i ty  and gl  f o r  ch a rg in g  a s o lu t e  m olecule  i n t o  th e
— Q
c a v i ty  which has  been a l r e a d y  c re a te d  as a r e s u l t  o f  u s in g  energy  g .
I t  i s  assumed t h a t  th e  c a v i ty  i s  made th e  same s i z e  as  th e  s o lu te
m o lecu le .  R ep lac in g  th e  f i r s t ,  second and f o u r th  te rm s in  th e  r i g h t
hand s id e  o f  e q u a t io n  2 .87  w ith  e q u a t io n s  2 .8 8  t o  2 .90  y i e ld s
X
= i C + i 1  - k T £ n \^ j2  + kT£n ( ) (2 .91 )
V 1
The chem ical p o t e n t i a l  o f  th e  s o lu t e  in  th e  gas phase  was a g a in  
g iven  by Fowler ( 8 ) ,  assuming an i d e a l  g a s ,
p
= -  k T £ n ( ^ j 2 ) + kT£n( ) (2 .9 2 )
where P„ i s  th e  p a r t i a l  p r e s s u r e  o f  th e  s o l u t e .  At e q u i l ib r iu m
£ gJ2  = m2
and o b v io u s ly  e q u a t io n s  2 .9 1 ,  2 .92  and 2 .93  can be combined t o  y i e l d
M* M| U -9 3 )
X P
i c + i 1  + kT£n ( ) = kT£n ( ^  ) (2 .9 4 )
V 1
R earran g in g  e q u a t io n  2 .9 4  le a d s  to
+ £  + ( 2 -95) 
1  1
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The p a r t i a l  p r e s s u r e  o f  s o lu t e  F^, on th e  o th e r  hand, can be ex p ressed
where *-s bhe a c t i v i t y  c o e f f i c i e n t  o f  th e  s o lu te  a t  i n f i n i t e  d i l u t i o n .  
S ince  e q u a t io n  2 .95  has been  d e r iv e d  f o r  a d i l u t e  c o n c e n t r a t io n  o f  
component 2 , one may s u b s t i t u t e  e q u a t io n  2 .97  in t o  th e  l e f t  hand s id e  o f  
e q u a t io n  2 .9 5 .  R ea rrang ing  th e  e q u a t io n  a f t e r  th e  s u b s t i t u t i o n  r e s u l t s  
in
c r e a t in g  a c a v i ty  a t  c o n s ta n t  te m p era tu re  and c o n s ta n t  volume i s  th e  
same as th e  change o f  th e  Helm holtz f r e e  energy . On th e  o th e r  hand, 
when th e  p ro c e s s  i s  made r e v e r s i b l y ,  th e  change o f  th e  H elm holtz f r e e  
energy  r e p r e s e n t s  th e  minimum work to  c r e a t e  th e  c a v i ty .  R e iss  e t  a l .  
( 1 0 , 1 1 ) showed t h a t  th e  minimum work can be c a l c u l a t e d  by an e x p re s s io n
where a ^  i s  th e  ra d iu s  o f  a sp h ere  b e in g  equa l t o  (a^ + a ^ ) j Z .  Sj i s
sp h e re  d ia m e te r  o f  th e  s o l u t e .  The fo u r  c o n s ta n ts  in  e q u a t io n  2 .99  a re  
g iven  by R e iss  e t  a l .  (10)
by
(2 .9 6 )
g
where i s  th e  s a t u r a t i o n  p r e s s u r e  o f  th e  s o lu t e  a t  T. R earrang ing  
e q u a t io n  2 .96  and ta k in g  th e  l i m i t  as ^  0 y i e ld s
(2 .97)
(2 .98 )
« c
The s c a le d  p a r t i c l e  th e o ry  e n ab le s  one to  e s t im a te  g i n  th e
— c
e q u a t io n .  In  t h i s  c a s e ,  th e  p a r t i a l  m o lecu la r  Gibbs f r e e  energy  g f o r
(2 .9 9 )
th e  h a rd  sp h ere  d ia m e te r  o f  t h e  s o lv e n t  m olecu les  and a^ th e  d ia m e te r  o f  
th e  c a v i ty  t o  be c r e a te d .  a^ i n  t h i s  case  i s  th e  same as th e  h ard
TiPa,
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(2 . 100)Kq = kT { -  SLn ( 1 - | )  + |  (  ^  ) 2 } -----------  ,
Ki = “ ( ) { > + 1 8  ( ) 2  ] + nPai  - ( 2 - 101)
= ( “  ) {( ) + ! 8  ( ^  ) 2  } -  2 nPaj , ( 2 . 1 0 2 )K2
a l
K3  = |  nP , (2 .103 )
where
_ 3 m na p
4 = — g—  . (2 .104 )
pm in  e q u a t io n  2 .104  i s  th e  number o f  s o lv e n t  m olecu les  in  u n i t  volume.
The p a r t i a l  m o lecu la r  Gibbs f r e e  energy  f o r  th e  ch a rg in g  p ro c e s s  g1  
may be o b ta in e d  from a thermodynamic r e l a t i o n s h i p
g* = e 1  -  T i 1  + W 1  (2 .105 )
In  e q u a t io n  2 .1 0 5 ,  s 1  and v 1  a r e  th e  p a r t i a l  m o lecu la r  e n t ro p y  and 
volume o f  a s o lu t e  m o lecu le .  At normal p r e s s u r e ,  th e  term  Pv1  i s  n e g l i ­
g ib l e  compared to  e 1 . The term  Ts1  i s  a l s o  assumed to  be n e g l i g i b l e  
compared to  e 1  ( 9 ) .  A cco rd in g ly ,  e q u a t io n  2 .105  i s  reduced  to
I 1 = . (2 .106)
e 1 i n  e q u a t io n  2 .106  may be e v a lu a te d  by u s in g  th e  L ennard-Jones  
p o t e n t i a l  as  i l l u s t r a t e d  by P i e r o t t i  (9 ) .
e* = J '  4ny2 p<KY)dr (2 .107 )
where
<Kv) = *e12 {( >12 ’ < )6 } ’ (2 ' 108)
£12 = t £ i e 2 )% ’ (2 .109 )
a  + ct
o 12 = , (2 .1 1 0 )
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I n t e g r a t i o n  o f  e q u a t io n  2.107 a t  R = y i e l d s  an e x p re s s io n  f o r  e 1
i 1  = -  l l . l 6 3 p m ( e ^ ) ^  (o 1 2 ) 3  . (2 .111)
D iv id in g  e q u a t io n  2.111 by kT le a d s  to
- i  e .  e„ , „
kT = " n *163 x  C j -  * 5 -  )  (ct1 2 ) ( 2 . 112)
where and a re  th e  energy  p a ra m e te rs  f o r  th e  s o lv e n t  and s o l u t e ,
r e s p e c t i v e l y ,  and and O2  a r e  th e  d i s t a n c e  p a ram e te rs  o f  th e  s o lv e n t
and s o l u t e .  The v a lu e s  o f  ct^  and o a r e  e f f e c t i v e l y  reg a rd ed  to  be th e
v a lu e s  o f  a^ and a 2 - The a c t i v i t y  c o e f f i c i e n t  o f  s o lu te  a t  i n f i n i t e
d i l u t i o n  on a m olar b a s i s  may now be e v a lu a te d  by s u b s t i t u t i n g  eq u a t io n s
2.99 and" 2.112 in t o  2 .9 8 ,  le a d in g  to  
— c - i
AnY2  = If + If '  £ n P 2  + £n ( ^  } (2 .113)
where
a 12
a l
+ I  } -  An (1 -4 )  (2 .114)
g j  = -  11-163 fi-  ( r  ( a 1 2 ) 3  . (2 .115)
In  d e r iv in g  e q u a t io n  2 .114  from 2 .9 9 ,  th e  te rm s in v o lv in g  th e  p r e s s u r e  
have been  n e g le c te d .
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CHAPTER III.
E xperim en ta l Work
1. P r e p a r a t io n  o f  Samples.
The samples were pu rchased  from companies chosen from t h i r t y  
m a n u fa c tu re rs  th ro u g h o u t  th e  world a f t e r  th e  g u a ran teed  p u r i t y  o f  th e  
samples i n  t h e i r  q u o ta t io n  was c l o s e l y  examined. Biphenyl and n ap h th a ­
l e n e  were p u rch ased  from Eastman Kodak, p h e n a n th re n e , f lu o re n e  and 
pyrene  from E a s te rn  Chem ical, acenaphthene  from B r i t i s h  Drug Houses, 
o - te rp h e n y l  from ICN P h a rm a c e u t ic a l ,  In c .  and f lu o ra n th e n e  from Tridom 
Chemical In c .
The sam ples ,  ex c e p t  acenaphthene and f lu o r a n th e n e ,  were p u r i f i e d  
f u r t h e r  by a c t i v a t e d  alumina chromatography u s in g  to lu e n e  as e l u a n t .  
Toluene was removed by e v a p o ra t in g  in  vacuum and th e  s o l i d s  were r e ­
c r y s t a l l i z e d .  The a c t i v a t e d  alumina chrom atography was known to  remove 
p o la r  a ro m a tic  hydrocarbons such as quinone d e r i v a t i v e s  ( 1 ) which 
n o rm ally  e x h i b i t  c o lo r .  The b row nish  im p u r i t i e s  i n  th e  phenan th rene  
sam ple, f o r  exam ple, were co m ple te ly  removed by th e  l i q u i d  chromato­
graphy. F lu o re n e ,  a f t e r  th e  l i q u i d  chrom atograph, was b a tc h  d i s t i l l e d  
to  remove low b o i l i n g  im p u r i t i e s  and acenaph thene  zone r e f in e d .  The 
p u r i f i e d  samples were th e n  a n a ly se d  by a F in n ig a n  G.C. Mass S p ec tro m e te r ,  
and m e l t in g  p o i n t s  o f  th e  samples d e te rm in ed .  The r e s u l t s  were as  
fo l lo w s :  b ip h e n y l  99.67 wt % (342 .6  K ) , n ap h th a len e  99 .21  wt % (352 .8
K), f lu o re n e  97 .85  wt % (387 .6  K ), p h enan th rene  98 .67  wt % (372 .8  K ) , 
acenaphthene  99 .2  wt % (366.5  K ), pyrene 99.09 wt % (422.7  K ) , 
o - te rp h e n y l  99 .63  wt % (328 .7  K) and f lu o ra n th e n e  98 .75  wt % (383 K ) .
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The l i q u i d  samples p y r id i n e ,  th io p h e n e ,  benzene and cyclohexane 
were gold  l a b e l  q u a l i t y  A ld r ic h  p ro d u c ts ,  and were used w i th o u t  any 
f u r t h e r  p u r i f i c a t i o n .  The r e f r a c t i v e  i n d i c e s  and normal b o i l i n g  p o in t s  
o f  th e  fo u r  samples a r e  shown in  t a b l e  3 .1  w ith  th e  l i t e r a t u r e  v a lu e s  
(2 ,3 )  f o r  com parison.
2 .  E xperim en ta l  Equipment and P rocedu re .
The e x p e r im e n ta l  system was s i m i l a r  to  t h a t  o f  McLaughlin and 
Z a in a l  ( 4 ) .  I t  c o n s i s t s  o f  a one cub ic  fo o t  c o n s ta n t  te m p era tu re  b a th ,  
a l i q u i d  chrom atograph column and a r e c r y s t a l l i z a t i o n  a p p a ra tu s  i n ­
c lu d in g  a vacuum pump. The c o n s ta n t  te m p e ra tu re  h a th  was equipped w ith  
a two k i l o w a t t  h e a t in g  c o i l ,  a w a te r  c o o l in g  c o i l ,  and a te m p era tu re  
c o n t r o l l e r  Versa-Therm Model 2158 o f  C ole-Parm er. The h e a t in g  o i l  in  
th e  b a t h ,  S h e l l  D ia la  AX, w ith  a f l a s h  p o in t  o f  421 K, was a g i t a t e d  a t  a 
speed o f  0 .25  rp s  t o  o b ta in  a uniform  te m p e ra tu re  th ro u g h o u t th e  b a th .
The m ix tu re  o f  known com position  was made in  t h i c k  w a lled  g la s s  
ampoules (18 mm x 127 mm x 1.5 mm t h i c k ) ,  and th e  ampoules f ro z e n  in  the  
Dewar b o t t l e  f i l l e d  w ith  d ry  i c e .  At t h i s  t im e , a d ry in g  tu b e ,  which i s  
f i l l e d  w ith  s i l i c a  g e l ,  was a t t a c h e d  to  th e  ampoules to  p r e v e n t  m o is tu re  
from e n t e r in g  th e  system . The tu b e s  were th e n  s e a le d  o f f  w ith  an oxygen 
to r c h .  The ampoules were p la c e d  in  th e  c o n s ta n t  te m p era tu re  b a th ,  and 
r o t a t e d  a t  a speed  o f  0 .25  rp s  w h ile  th e  b a th  te m p era tu re  was in c re a s e d  
by 0 .1  K ev e ry  1200 seconds .  The s o l u b i l i t y  o f  a s o l i d  was determ ined  
by n o t in g  t h e  te m p e ra tu re  a t  which th e  l a s t  t r a c e  o f  s o l i d  d is a p p e a re d .  
I t  u s u a l l y  to o k  fo u r  to  f iv e  hours t o  measure th e  m e lt in g  te m p era tu re  o f  
one sam ple. The measurements were made a t  l e a s t  tw ice  f o r  each  ampoule. 
The te m p e ra tu re  was measured by u s in g  therm om eters ty p e  S-80210-B o f  th e  
Sargent-W elch  S c i e n t i f i c  Co. which had a s u b d iv i s io n  o f  0 .1  K.
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TABLE 3 .1
R e f r a c t iv e  In d ic e s  and Normal B o i l in g  P o in t  
o f  th e  L iqu id  Samples.
Values f o r  Samples L i t e r a t u r e V alues
Chemicals
2 0
%
TB
K
2 0
“d
TB
K
P y r id in e 1.5090 388.0 1.5102 388.5
Thiophene 1.5278 357.0 1.5289 357.0
Benzene 1.5010 353.2 1 .5011 t3 ) 353.1
Cyclohexane 1.4260 353 .7-354 1.4262 353.7
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The c o n s ta n t  te m p e ra tu re  b a th  and l i q u i d  chrom atography column were 
p la c e d  i n  a fume hood. Care was ta k e n  i n  h a n d l in g  sam ples ,  s in c e  p o s­
s i b l e  im p u r i t i e s  i n  some o f  th e  p o ly n u c le a r  a ro m a tic  hydrocarbons 
hand led  cou ld  be c a rc in o g e n s .
3. C onfirm ation  o f  Accuracy o f  th e  E xperim en ta l System.
To v e r i f y  th e  acc u racy  o f  th e  p r e s e n t  e x p e r im e n ta l  system , some o f  
th e  e x p e r im e n ta l  r e s u l t s  a re  compared w ith  th e  p u b l i sh e d  d a t a .  S o lu b i l ­
i t i e s  o f  pyrene  and n ap h th a le n e  i n  p y r id in e  were r e p o r te d  by F o r tu in  
e t  a l .  ( 5 ) .  S o l u b i l i t i e s  o f  n a p h th a le n e  i n  cyc lohexane ,  on th e  o th e r  
hand, were measured by McLaughlin and Z a in a l  ( 6 ) and H er ic  and Yeh (7 ) .
In  f i g u r e s  3 .1  and 3 .2 ,  th e  d a ta  o f  F o r tu in  e t  a l .  a re  compared 
w ith  th o s e  o f  th e  p r e s e n t  s tu d y .  The com parison o f  th e  s o l u b i l i t y  o f  
pyrene  i n  p y r id in e  g iv e s  c lo s e  agreem ent as  shown in  f i g u r e  3 .1 .  The 
s o l u b i l i t y  o f  n ap h th a le n e  in  p y r id i n e ,  on th e  o th e r  hand, y i e l d s  an 
a p p re c ia b le  d i f f e r e n c e  a t  low te m p e ra tu re s  as  shown i n  f i g u r e  3 .2 .  When 
th e  two s e t s  o f  d a ta  on n ap h th a len e  a re  e x t r a p o la t e d  to  -logX^ = 0 , 
however, th e  a u t h o r ' s  d a ta  i n t e r s e c t  th e  in v e r s e  te m p e ra tu re  s c a le  a t
352 .8  K w h ile  th e  p re v io u s  r e s e a r c h e r s '  a t  349.7  K. S ince  th e  m e lt in g  
p o in t  o f  p u re  n ap h th a le n e  has been  r e p o r te d  t o  be 353.3  K (8 ) ,  th e  
a u t h o r ' s  d a ta  r e p r e s e n t  more a c c u r a te  s o l u b i l i t y  d a ta  f o r  n a p h th a le n e .
In  f i g u r e  3 .3 ,  th e  s o l u b i l i t y  d a ta  o f  n ap h th a le n e  in  cyclohexane o f  
McLaughlin and Z a in a l  ( 6 ) and H er ic  and Yeh (7) a r e  compared w ith  th o se  
o f  th e  p r e s e n t  s tu d y .  The s o l u b i l i t y  d a ta  from th r e e  d i f f e r e n t  sou rces  
l i e  i n  a s in g l e  cu rve  as  shown in  th e  f i g u r e .
These c lo s e  agreem ents  confirm  t h a t  th e  acc u racy  o f  th e  p r e s e n t  
e x p e r im e n ta l  system  i s  c o n s i s t e n t  w i th  t h a t  o f  th e  p re v io u s  r e s e a r c h e r s '
2 . CL F o r tu in  e t  a l .
A  Choi
• •
0 . 0
3 .0
3(K/T) x 10
F ig u re  3 .1 .  S o l u b i l i t y  of Pyrene i n  P y r id in e
2 . OH F o r tu in  e t  a l .
A  Choi
1 . 0 -CN
0 . 0
2 . 8 3 . A3 .0 3 .2
(K/T) x 103
F ig u re  3 . 2 . S o l u b i l i t y  o f  N aphthalene i n  P y r id in e
-lo
g 
X
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€> H eric and Yefj
McLaughlin and Z ainal
Choi
1 . 0-
0 . 0
2 . 6 2 .9 3 .2 3 .33 .0 3.1
(K/T) * 103
F igure 3 .3 . S o lu b il i ty  o f Naphthalene In  Cyclohexane
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4) E xperim en ta l R e s u l t s .
The s o l u b i l i t i e s  o f  e i g h t  a ro m a tic  hydrocarbon s o l id s  b ip h e n y l ,  
n a p h th a le n e ,  f lu o r e n e ,  p h en an th ren e ,  acen ap h th en e , f l u o r a n t h e n e , pyrene 
and o - te rp h e n y l  i n  p u re  s o lv e n t s  p y r id in e  and th iophene  were measured. 
The ex p e r im en ta l  d a ta  f o r  th e  b in a ry  s o lu t i o n s  w ith  p y r id in e  a re  g iven  
in  t a b l e  3 .2  and f o r  th e  b in a ry  s o lu t i o n s  w ith  th iophene  in  t a b l e  3 .3 .  
The s o l u b i l i t i e s  o f  th e  f i r s t  f i v e  a ro m a tic  hydrocarbon s o l id s  were a l s o  
measured in  th e  t h r e e  b in a ry  l i q u i d  m ix tu re s .  The e x p e r im en ta l  s o l u b i l ­
i t y  d a ta  in  a m ix tu re  o f  70 mole % benzene and 30 mole % cyclohexane a re  
g iven  in  t a b l e  3 .4 ,  i n  a m ix tu re  o f  50 mole % benzene and 50 mole % 
cyclohexane in  t a b l e  3 .5 ,  and in  a m ix tu re  o f  30 mole % benzene and 70 
mole % cyclohexane i n  t a b l e  3 .6 .
The s o l u b i l i t y  d a ta  were ta k e n  a t  te m p era tu re s  ran g in g  from room 
te m p era tu re  t o  c lo s e  to  th e  m e l t in g  p o in t  o f  each s o l i d .  The system 
p r e s s u r e  was assumed to  be c o n s ta n t  a t  a tm ospheric  p r e s s u r e .  The e f f e c t  
o f  g ases  such as n i t r o g e n  and oxygen on th e  s o l u b i l i t y  o f  th e  s o l id s  was 
n e g le c te d  because  th e  com position  o f  th e  g ases  i n  th e  s o lu t i o n  shou ld  be 
n e g l i g i b l e  i n  com parison w ith  th e  com position  o f  th e  o th e r  major 
components.
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TABLE 3 .2  
S o l u b i l i t y  o f  S o l id s  in  P y r id in e .
B iphenyl
T/K 297.3  300.9
X2  0 .3742 0.4085
N aphthalene
T/K 297.6  325.3
X2  0 .3032 0.5748
Phenanthrene
T/K 299.8  307.7
X2  0 .2459 0.3011
T/K 349.6  355.6
X2  0.6961 0.7651
F luo rene
T/K 311.5 327.1
X2  0 .1979 0.2936
Acenaphthene
T/K 306.7 320.0
X2  0 .2102 0.3166
F lu o ran th en e
T/K 309.2  328 .4
X2  0 .2282 0.3537
Pyrene *
T/K 304.3  326.7
X2  0.1119 0.1899
0 - t e rp h e n y l
T/K 302.0  303.6
X2  0 .5880 0.6061
307.1 312.4  323.7
0.4743 0.5327 0.6884
333.2  337 .2  344.4
0.6808 0.7422 0.8570
314.3  316.6  323.4
0.3513 0 .3690 0.4283
361.0  366.5
0.8349 0.9111
340.2  349 .0  359.2
0.4002 0.4909 0.6127
332.9  337.5  343.7
0.4592 0.5191 0.6110
340.1 354.1 360.0
0.4545 0.6071 0.6729
340.5  355 .3  365.8
0.2561 0 .3474 0.4201
308.5  317.9  320.8
0.6753 0 .8140 0.8618
331.7
0 .8170
342.8
0.6170
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TABLE 3 .3  
S o l u b i l i t y  o f  S o l id s  i n  Thiophene.
B iphenyl
T/K 295-9 298 .4
X2 0.3851 0.4071
N aphthalene
T/K 302.2 318 .2
X2 0 .3588 0.5011
Phenan threne
T/K 299 .4  304.9
X2 0.2379 0 .2742
T/K 355.0
X2 0.7541
F luo rene
T/K 303.6  321.0
X2 0 .1844 0.2762
Acenaphthene
T/K 307 .3  319.6
X2 0 .2584 0 .3542
F lu o ran th en e
T/K 299.5  316.5
X2 0 .1754 0 .2652
Pyrene
T/K 307.0 323.7
X2 0 .1217 0 .1764
0 - te rp h e n y l
309.7  317 .0  329.5
0.5218 0 .6060 0.7653
322.7 336.8  341.1
0.5510 0 .7372 0.8053
310.0  321.2  340.9
0.3146 0.4016 0.5907
335.5  350.2 357.5
0.3802 0.5146 0.5954
328.4  335.7  344.8
0.4407 0 .5224 0.6428
326.7  342.5  357.1
0 .3354 0 .4752 0.6355
335.9  350.2 362.5
0.2323 0 .3123 0.3934
334.8
0.8698
348.1
0.9167
348.3
0.6757
T/K 298.6  303 .4
X2 0 .5745 0 .6296
311.4
0.7300
317.6
0.8158
321.6
0.8758
TABLE 3.4
Solubility of Solids in the Mixed Solvent of
70 mole % Benzene and 30 mole % Cyclohexane.
B iphenyl
T/K 290.1 300.7
X2 0 .2843 0.3846
N aphthalene
T/K 299.5  312.5
X2 0 .2844 0.4045
Phenan threne
T/K 307 .8  314.5
X2 0.2041 0.2567
F lu o ren e
T/K 311.5  330.2
X2 0 .1596 0.2777
Acenaphthene
T/K 312 .6  319.5
X2 0.2467 0.3050
306.6  314 .4  323.4
0 .4484 0.5491 0.6784
321.4  334.5 337.8
0.5071 0 .6854 0.7417
324.4  351 .4  362.5
0.3521 0 .6910 0.8556
339.7  346.7  356 .4
0 .3603 0 .4353 0.5477
333.1 338 .4  344.4
0.4545 0 .5240 0.6148
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TABLE 3.5
Solubility of Solids in the Mixed Solvent of
50 mole % Benzene and 50 mole % Cyclohexane.
B iphenyl
T/K 290.3  298 .5
X2 0 .2524 0 .3304
N aphthalene
T/K 302.8  313.1
X2 0 .2850 0.3891
Phenan th rene
T/K 305.2  318.2
X2 0 .1503 0.2503
F lu o ren e
T/K 316.9  331 .8
X2 0.1558 0.2548
Acenaphthene
T/K 314 .3  325.7
X2 0 .2400 0.3459
307.7  313.9 323.4
0.4376 0 .5274 0.6672
318.5 326.5 329.6
0.4520 0.5598 0.6047
327.1 343 .4  360.7
0.3415 0.5629 0.8177
343.0  351 .3  359.2
0 .3643 0 .4636 0.5730
333.0  343.0  350.1
0 .4347 0.5815 0.7010
324.8
0.6953
340.6
0.7848
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TABLE 3.6
Solubility of Solids in the Mixed Solvent of
30 mole % Benzene and 70 mole % Cyclohexane.
Biphenyl
T/K 296.9  302.8
X2 0 .2704 0.3361
N aphthalene
T/K 297.0  311.7
X2 0.2041 0.3400
Phenanthrene
T/K 312.1 320.1
X2 0.1469 0.2123
F luo rene
T/K 319.5 327.3
X2 0 .1346 0.1809
Acenaphthene
T/K 303.8 314 .4
X2 0.1333 0.2015
308.9  313.2  319.3
0.4182 0.4857 0.5826
323.4  325.9 339.1
0.4931 0.5308 0.7535
326.7  353.6  360.5
0.2800 0.7018 0.8147
342.0  350.5 359.1
0.3111 0.4192 0.5471
325.1 333.3  339.8
0 .3032 0.4059 0 .5084
325.8
0.6990
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CHAPTER IV.
The N atu re  o f  th e  Systems
1) P h y s ic a l  P r o p e r t i e s .
For th e  c a l c u l a t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  from ex p e r im en ta l  
s o l u b i l i t y  d a t a ,  one o f  th e  t h r e e  s o l u b i l i t y  e q u a t io n s  2 .1 4 ,  2 .26  and 
2 .35  can be u sed .  In  t h a t  c a s e ,  th e  p h y s ic a l  p r o p e r t i e s  o f  th e  s o l id s  
a p p ea r in g  in  th e  e q u a t io n s  must be a v a i l a b l e .  S ince  th e  su ccess  o f  th e  
c o r r e l a t i o n  work depends on th e  accu racy  o f  th e  p h y s ic a l  p r o p e r t i e s ,  an 
e x te n s iv e  l i t e r a t u r e  su rv ey  has  been made. In  most c a s e s ,  th e  da ta  
g iven  by Timmermans (1) were g iven  th e  h ig h e s t  r e l i a b i l i t y  u n le s s  any 
o th e r  rea so n  j u s t i f i e d  th e  use  o f  th e  d a ta  from o th e r  s o u rc e s .  The 
p h y s ic a l  p r o p e r t i e s  o f  b ip h e n y l  and n ap h th a len e  were o b ta in e d  by th e se  
c r i t e r i a .  The p h y s ic a l  p r o p e r t i e s  o f  p h en an th ren e ,  f lu o re n e  and 
acenaphthene  were a c c u r a t e l y  de te rm ined  by F inke  e t  a l .  ( 2 ) .  T h e ir  
d a ta  r e v e a le d  t h a t  t h e i r  samples m e lted  w i th in  0.08°K a t  th e  t r i p l e  
p o in t  o f  th e  s o l i d s .  This  sharp  m e l t in g  proved  t h a t  th e  samples were o f  
h ig h  p u r i t y  and, c o n se q u e n t ly ,  t h e i r  d a ta  were used i n  t h i s  r e s e a r c h .  
F o r o th e r  s o l i d s ,  f lu o r a n t h e n e , pyrene  and o - t e r p b e n y l ,  p h y s ic a l  
p ro p e r ty  d a ta  were s c a r c e .  Data on m e l t in g  te m p e ra tu re  and h e a t  o f  
f u s io n  o f  th e  t h r e e  s o l i d s  were a v a i l a b l e ,  b u t  th e  r e l i a b i l i t y  o f  th e  
d a ta  i s  unknown.
As a r e s u l t ,  th e  p h y s ic a l  p r o p e r ty  d a ta  needed i n  u s in g  e q u a t io n s  
2 .1 4 ,  2 .2 6  and 2 .35  a re  a v a i l a b l e  o n ly  f o r  th e  f i v e  s o l i d s  b ip h e n y l ,  
n a p h th a le n e ,  p h en a n th re n e ,  f lu o re n e  and acenaph thene . The d a ta  a re  
l i s t e d  i n  t a b l e  4 .1 .  In  t a b l e  4 .2 ,  d a ta  on th e  te m p e ra tu re  and th e
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TABLE 4.1
P h y s ic a l  P r o p e r t i e s  o f  E ig h t  Aromatic Hydrocarbon S o l id s .
M olecu lar
Weight Tm
4 t
m
AS*iTm iC piT*  m
Kg*mol ^ K J*mol ^ J -m o l_ 1 -K*11 J -m o l" 1 ^ " 1
Biphenyl 0.15421 3 4 l . 3 f l , 5 )  18659.3 ( 1 ' 5^ 54.671 36 .274^1 ,5)
N aphthalene 0.12819 3 5 3 .3 Cl) 18237.7 (1) 51.623 8 .9 0 1 (1)
Phenanthrene 0.17824 3 7 2 . 4 ^ 1 6 4 7 3 . 8 ^ 44.254 12 .586 (2)
F lu o ren e 0.16623 3 8 7 .9 (2) 19591.3 (2) 50.493 1 . 4 4 4 ^
Acenaphthene 0.15421 3 6 6 .6 (2) 21476 .6 (2) 58.573 14 .855 (2)
F lu o ran th en e 0.20226 3 8 0 . 8 ^ 18882.5 t4) 49.572 -
O -te rp h en y l 0.23031 3 3 0 . 0 ^ 17358.5 C6) 52.595 -
P y rin e 0.20226 4 2 3 .2 (7) 17195.6 (7) 40.633 -
N ote: P h y s ic a l  p r o p e r t i e s  f o r  p h en an th ren e ,  f lu o re n e  and acenaphthene
a r e  tak en  a t  t h e i r  t r i p l e  p o i n t s .
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TABLE 4 .2
T em perature and E n tha lpy  Change o f  Phase T r a n s i t i o n
f o r  P henan th rene .
AhP aoP
L i t e r a t u r e  T iT  i T
_E P  E___
Sources K T . - 1  T , - 1  „ - lJ*mol J-m ol *K
A rndt e t  a l / 3) 331-361 1591.0
C a s e l la to  e t  a l . (4  ^ 331-344 1256.0
F inke e t  a l . (2  ^ 347.5 1307.18 3 .835a
a. C a lc u la te d  from th e  e n th a lp y  and h e a t  c a p a c i ty  d a ta  o f  F inke e t  a l .
49
e n th a lp y  change o f  phase  t r a n s i t i o n  o f  phenan th rene  ( 2 ,3 ,4 )  a r e  a l s o  
g iv e n .  In  f ig u r e  4 . 1 ,  m o le c u la r  s t r u c t u r e  o f  th e  e i g h t  a ro m a tic  hyd ro ­
carbon s o l i d s  and f i v e  s o lv e n t s  benzene , carbon t e t r a c h l o r i d e ,  
cyc lohexane ,  p y r id in e  and th io p h e n e  a re  i l l u s t r a t e d .
2) N o n - id e a l i ty  o f  th e  Biphenyl-Benzene System.
As m entioned e a r l i e r  i n  C hap ter  I I ,  s o l u b i l i t y  o f  s o l i d  d a ta  
p ro v id e s  in fo rm a t io n  o n ly  on th e  n o n - is o th e rm a l  e q u i l ib r iu m  com positions  
a long  th e  s o l i d - s o l v e n t  s a t u r a t i o n  l i n e .  This  f a c t  causes  d i f f i c u l t y  in  
o b ta in in g  a c l e a r  u n d e r s ta n d in g  on th e  n a tu r e  o f  e q u i l ib r iu m  b e h a v io r  o f  
th e  system . The s o l u b i l i t y  d a ta  o f  b ip h e n y l  i n  benzene , f o r  example, 
does n o t  t e l l  how th e  a c t i v i t y  c o e f f i c i e n t  o f  b ip h e n y l  changes as  a 
fu n c t io n  o f  e i t h e r  te m p e ra tu re  o r  com posi t ion ,  b u t  i t  shows th e  combined 
e f f e c t  o f  b o th  te m p e ra tu re  and com posi tion .  To know th e  s e p a r a t e  e f f e c t  
o f  th e  two v a r i a b l e s ,  one needs v a p o r - l i q u id  e q u i l ib r iu m  d a t a .
For th e  b in a ry  system  of b ip h e n y l  and benzene , Baxendale e t  a l .  
(8) and E v e r e t t  e t  a l .  (9) de te rm ined  v a p o r - l i q u id  e q u i l ib r iu m  composi­
t i o n s ,  and Guggenheim (10) c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  o f  benzene 
u s in g  b o th  s e t s  o f  d a t a .  A cco rd in g ly ,  one may use  th e s e  d a ta  t o  check 
how a c t i v i t y  c o e f f i c i e n t s  o f  b o th  b ip h e n y l  and benzene change a s  a 
f u n c t io n  o f  te m p e ra tu re  w h ile  com position  i s  h e ld  c o n s ta n t ,  o r  as  a 
f u n c t io n  o f  com position  w h ile  te m p e ra tu re  i s  h e ld  c o n s ta n t .  To e v a lu a te  
th e  a c t i v i t y  c o e f f i c i e n t s  o f  b ip h e n y l ,  th e  Van L aar e q u a t io n  was used . 
The two c o n s ta n t s  i n  t h e  e q u a t io n  were c a l c u l a t e d  by f i t t i n g  th e  
a c t i v i t y  c o e f f i c i e n t s  o f  benzene , and th e  c o e f f i c i e n t s  o f  b ip h e n y l  back 
c a l c u l a t e d .  The c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  o f  b ip h e n y l  a re  
p l o t t e d  i n  f i g u r e  4 .2  f o r  lo g  v s .  1/T . The a c t i v i t y  c o e f f i c i e n t s  o f
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Benzene
*
Hi /N H z
Hi
Cyclohexane
Biphenyl Naphthalene
Fluorene Acenaphthene
N
P yrid ine
0'S '
Thiophene
Phenanthrene
c l
Cl - C - c f  
cl
Carbon
T etrach lo rid e
Pyrene 0 -te rp h en y l
F luoranthene
F igure 4 .1 . M olecular S tru c tu re  o f th e  E ight A ronatic  Hydrocarbon Solid* 
and Five L lqulda.
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0.04-
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0 . 02-
0.01
>0 .6
0.00
3.0 3.2
(K/T) x 103
3 .3 3.4
F igure 4 .2 . Logarithm of A c tiv ity  C o e ffic ie n t of Biphenyl as a
F unction o f  1/T In  Biphenyl (2) -  Benzene (1) S o lu tion .
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0.034
0.032
0.030
® V  X .-0 .7
0.028
0.026
0.022
0.020
0.018
0.014
• 0.012
0.010
0.008
0.006
0.004
0.002
0,000
3.^ 2
(K/T) x 103
3 .0
F igure 4 .3 . Logarithm of A c tiv ity  C o e ff ic ie n t o f  Benzene as a  Function 
o f  I t T in  Biphenyl (2) -  Benzene (1) S o lu tion .
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benzene , d i r e c t l y  ta k en  from Guggenheim's t a b l e ,  a r e  p l o t t e d  in  th e  same 
f a s h io n  in  f ig u r e  A.3.
By in s p e c t io n  o f  th e  f i g u r e s ,  one can reach  a c o n c lu s io n  t h a t  th e  
lo g a r i th m  o f  th e  a c t i v i t y  c o e f f i c i e n t s  o f  b o th  b ip h e n y l  and benzene a t  
c o n s ta n t  com position  i s  a l i n e a r  fu n c t io n  o f  th e  in v e r s e  te m p e ra tu re .  
This s ta te m e n t  can be w r i t t e n
TJttny  ^ = c o n s ta n t  (4 .1 )
Such a l i n e a r i t y  c o in c id e s  w ith  th e  concep t o f  th e  r e g u la r  s o lu t io n  
th e o ry .  The assum ption  o f  r e g u la r  s o l u t i o n  th e o ry  g iven  by e q u a t io n  
2 .4 9 ,  f o r  example, le a d s  to  a r e l a t i o n s h i p
gE = hE (4 .2 )
D i f f e r e n t i a t i n g  e q u a t io n  4 .2  by n^ to  o b ta in  a p a r t i a l  m olar p ro p e r ty  
l e a d s  to
(  n n = ( S T "  JT n n = *  RT£n* i  ( 4 ' 3)o q , T«p t i l , i . o i l , T«p « n . j • x xx fxr J*X x J f x
On th e  o th e r  hand, dependence o f  th e  a c t i v i t y  c o e f f i c i e n t  on te m p e ra tu re
can be ex p re ssed  by
BUny.  hE
( ~ d T ~  5p,X = ~ ^ 2
Combining e q u a t io n s  4 .3  and 4 .4  and i n t e g r a t i n g  th e  e q u a t io n  by s e p a ra ­
t i o n  o f  v a r i a b l e s ,  one o b ta in s  e q u a t io n  4 .1  i n  which th e  c o n s ta n t  i s  a 
p ro d u c t  o f  i n t e g r a t i o n  p r o c e s s .  The a n a l y s i s  thus  le a d s  t o  a c o n c lu s io n  
t h a t  b o th  b ip h e n y l  and benzene e x h i b i t  r e g u la r  s o l u t i o n  b e h a v io r  when 
th e y  form a b in a ry  s o l u t i o n .
A nother b e n e f i t  was o b ta in e d  from a n a l y s i s  o f  th e  v a p o r - l i q u id
f  fe q u i l ib r iu m  d a ta  o f  th e  b in a ry  system  by r e e v a lu a t in g  AS^, and AC
m p m
o f  b ip h e n y l .  When th e  a c t i v i t y  c o e f f i c i e n t s  o f  b ip h e n y l  were c a l c u l a t e d
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from th e  s o l u b i l i t y  o f  s o l i d  d a ta  i n  b en zen e , which were ta k e n  by 
McLaughlin and Z a in a l  (1 1 ) ,  lo g  reached  n e g a t iv e  v a lu e s  a t  s o lu t e  
c o n c e n t r a t io n s  h ig h e r  th a n  70 mole p e r c e n t .  The same b e h a v io r  was 
observed  f o r  b ip h e n y l - p y r id in e  and b ip h e n y l- th io p h e n e  sy s tem s . Re­
w r i t i n g  e q u a t io n  2 .14  f o r  th e  a c t i v i t y  c o e f f i c i e n t  o f  b ip h e n y l
f  fASiT T ACpiT  T
£ny. = - £nX. -  f  -  1) + — j p 5 ■( ^  -  D
ACpiT  T
 _JE £n _E ( 4 . 5)
we can see  t h a t  y^ i s  de term ined  by th e  v a lu e s  o f  AS^, afld ^ ^ i T  ^o r
^ m f
a g iven  s e t  o f  d a ta  o f  v s .  T. L ikew ise ,  AS.^, and AC ^  can be
m ”  m
found u s in g  th e  l e a s t  sq u a re s  method by f i t t i n g  th e  s e t s  o f  v a lu e s  y^,
and T o b ta in e d  from th e  v a p o r - l i q u id  e q u i l ib r iu m  d a t a .  The r e s u l t  o f
f i t t i n g  i s  shown by th e  s o l i d  l i n e  i n  f i g u r e  4 .4 .  As a r e s u l t ,  53.411
J/m ol/K  f o r  A S ^  and 33-834 J/m ol/K  f o r  AC^,j, a r e  o b ta in e d  in s t e a d  o f  
m p m
54.671 J/m ol/K  and 36.274 J/m ol/K  g iven  i n  t a b l e  4 .1 .  When th e  new
v a lu e s  a r e  used to  c a l c u l a t e  th e  a c t i v i t y  c o e f f i c i e n t  o f  b ip h e n y l  i n  th e
s o lu t i o n s  w ith  b o th  p y r id in e  and th io p h e n e ,  lo g  y^ o f  th e  s o lu t e  i n
p y r id in e  s o l u t i o n  becomes always p o s i t i v e ,  b u t  lo g  y^ i n  th io p h en e
s o l u t i o n  s t i l l  rem ains n e g a t iv e  a t  h ig h  c o n c e n t r a t io n s  o f  th e  s o l u t e .*
As v a p o r - l i q u id  e q u i l ib r iu m  d a ta  on b ip h e n y l- th io p h e n e  system  i s  n o t
a v a i l a b l e  a t  th e  p r e s e n t  t im e ,  and AC^^, o f  b ip h e n y l  canno t be
1 m m
f u r t h e r  improved. I t  i s  b e l i e v e d ,  however, t h a t  lo g  y^ o f  b ip h e n y l  i n  
s o l u t i o n  w ith  th io p h e n e  shou ld  remain p o s i t i v e  s in c e  b o th  components a re  
n o n -p o la r .
log
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  The L east Square P i t te d
Curve by Eq. 4 .5 .
A  Obtained from VLE d a ta .
O C a lcu la ted  using
54.671 J/m ol/K  and0.04
36.274 J/m ol/K  from•plT
S o lu b il i ty  data,0.03.
0 . 02.
O .O L
0.01
1.0 1.1 1 .2
T /TO
F igure 4 .4 . A c tiv ity  C o e ff ic ie n t o f Biphenyl (2) In  Benzene (1)
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3) N o n - I d e a l i ty  o f  th e  Benzene-Cyclohexane System.
For  th e  a n a ly s i s  o f  t e r n a r y  sy stem s, th e  n o n - i d e a l i t y  o f  th e  b in a ry  
m ix tu re  o f  benzene and cyclohexane must be known. Gmehling (12) 
r e p o r te d  e x te n s iv e  v a p o r - l i q u id  e q u i l ib r iu m  d a ta  on t h i s  b in a ry  system . 
In  th e  p r e s e n t  r e s e a r c h ,  th e  t h r e e  s u f f i x  Margules e q u a t io n  c o n s ta n ts  
g iven  by Gmehling a re  used to  c a l c u l a t e  th e  a c t i v i t y  c o e f f i c i e n t s  o f  
benzene and cyclohexane f o r  tw en ty  d i f f e r e n t  is o th e rm a l  system s. The 
lo g a r i th m  o f  th e  a c t i v i t y  c o e f f i c i e n t s  f o r  b o th  components a r e  p l o t t e d  
in  f i g u r e s  4 .5  and 4 .6  as a f u n c t io n  o f  in v e r s e  te m p era tu re  f o r  th r e e  
d i f f e r e n t  c o n c e n t r a t io n s  70, 50 and 30 mole p e rc e n t  o f  benzene.
By in s p e c t io n  o f  th e  f i g u r e s ,  i t  can be concluded t h a t  th e  b in a ry  
m ix tu re  behaves a lm ost in  th e  same p a t t e r n  as  does th e  b in a ry  system  of 
b ip h e n y l  and benzene. Thus, we draw a c o n c lu s io n  t h a t  b o th  benzene and 
cyclohexane i n  t h e i r  m ix tu re  fo l lo w  th e  r e l a t i o n s h i p  g iven  by e q u a t io n  
4 .1 ,  and, as a r e s u l t ,  t h a t  th e  system  fo llo w s  th e  r e g u la r  s o lu t i o n  
th e o ry .  This r e s u l t  s i g n i f i e s  t h a t  i t  i s  a good approach  to  use  th e  
r e g u la r  s o l u t i o n  models f o r  th e  c o r r e l a t i o n  o f  th e  s o l u b i l i t y  d a ta  in  
t h i s  r e s e a r c h .
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CHAPTER V.
The F lo a t in g  Datum P o in t  Method
1) The F lo a t in g  Datum P o in t  Method.
For th e  e s t im a t io n  o f  a c t i v i t y  c o e f f i c i e n t s  u s in g  th e  S c a tc h a rd -  
H ildeb rand  r e g u la r  s o l u t i o n  th e o ry ,  one needs to  know th e  s o l u b i l i t y  
p a ram e te r  o f  th e  s o l u t e  d e f in e d  by e q u a t io n  2 .5 5 .  S o l u b i l i t y  p aram ete rs  
6^ th u s  can be e v a lu a te d  i f  th e  molar i n t e r n a l  energy  o f  v a p o r iz a t i o n
V £Au^ and th e  m olar l i q u i d  volume v^ a re  known a t  th e  d e s i r e d  te m p e ra tu re .
In  th e  l i t e r a t u r e ,  H ild eb ran d  e t  a l .  (1 )  and Weast (2) f o r  example, th e
s o l u b i l i t y  p a ram e te rs  e v a lu a te d  a t  298 K a re  g iven  f o r  many s u b s tan ces
which n o rm ally  e x i s t  as  l i q u i d s .  For components which e x i s t  as s o l id s
v £a t  th e  s o l u t i o n  te m p e ra tu re ,  however, Au^ and v^ must be e v a lu a te d  a t
vt h e i r  subcoo led  l i q u i d  s t a t e .  In  f a c t ,  Au^ and v^ a t  th e  subcooled 
l i q u i d  s t a t e  a re  s c a r c e l y  r e p o r te d  in  th e  l i t e r a t u r e  due to  d i f f i c u l t y  
i n  making such e x p e r im e n ta l  m easurem ents, and, as  a r e s u l t ,  6^ o f  a 
s o l i d  i s  r a r e l y  g iv e n  in  th e  l i t e r a t u r e .
R egu la r  s o l u t i o n  th e o ry ,  however, l e a d s  to  e q u a t io n  4 .1  a t  c o n s ta n t  
com posi t ion .  Dpon comparing t h i s  e q u a t io n  w i th  e q u a t io n  2 .6 1 ,  we o b ta in
Vi  j i  (Ai j  " \  Aj j P  = c o n s ta n t  (5 .1 )
where was g iven  by e q u a t io n  2 .5 9 .  E q u a t io n  5 .1  t e l l s  us t h a t  th e  .
l e f t  hand s id e  o f  th e  e q u a t io n  i s  dependen t o n ly  on com position  b u t
£
in d e p en d en t o f  te m p e ra tu re .  In  f a c t ,  a s  th e  te rm s v^ and 6^ a r e  in d e ­
pen d en t o f  co m p o s i t io n ,  th e y  may be e v a lu a te d  a t  any conven ien t  
te m p e ra tu re .  P r a c t i c a l l y ,  th e  r e l a t i o n s h i p  g iven  by e q u a t io n  4 .1  h o ld s
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on ly  i n  m oderate  te m p e ra tu re  r a n g e s ,  and a c c o rd in g ly  e x t r a p o l a t i o n  o f  y£ 
shou ld  n o t  be made o v e r  a l a rg e  i n t e r v a l  o f  te m p e ra tu re .
For s o l i d  components, th e  most co n v en ien t  te m p e ra tu re  w ith  th e
minimum e x t r a p o l a t i o n  i s  o b v io u s ly  th e  m e l t in g  p o i n t  o f  th e  s o l i d ,  a t
v SLwhich te m p e ra tu re  no d i f f i c u l t y  i s  encoun te red  in  e v a lu a t in g  Au^ and v^. 
This  method f o r  t h e  e v a l u a t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  o f  a s o l i d  as  a 
s o lu t e  i n  a s o l u t i o n  by u s in g  th e  S ca tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  
th e o ry ,  w ith  th e  s o l u b i l i t y  p a ram e te rs  e v a lu a te d  a t  th e  m e l t in g  tem pera­
t u r e  o f  th e  s o l i d ,  i s  named th e  f l o a t i n g  datum p o in t  method by Choi and 
McLaughlin ( 3 ) .  The acc u ra c y  o f  t h i s  method i s  t o  be t e s t e d  in  th e  
fo l lo w in g  two s e c t i o n s  f o r  two d i f f e r e n t  c a s e s .  F i r s t ,  th e  a c t i v i t y  
c o e f f i c i e n t s  o f  f i v e  s o l i d s  b ip h e n y l ,  n a p h th a le n e ,  f lu o r e n e ,  p h enan th rene  
and acenaph thene  i n  t h r e e  pu re  s o lv e n t s  benzene , carbon  t e t r a c h l o r i d e  
and cyclohexane a r e  to  be e v a lu a te d  by th e  new method and compared w ith  
th e  e x p e r im e n ta l  a c t i v i t y  c o e f f i c i e n t s  e v a lu a te d  from th e  s o l u b i l i t y  
d a ta  o f  McLaughlin and Z a in a l  ( 4 , 5 , 6 ) .  The t e s t  f o r  th e  s o l i d -  
cyclohexane system s i s  r a t h e r  s t r i n g e n t  because  n o n - i d e a l i t y  o f  th e  
s o lu t e s  i n  cyclohexane  s o l u t i o n  i s  l a r g e  ( 7 ,8 ) .  Second ly , th e  a c t i v i t y  
c o e f f i c i e n t  o f  benzene a t  i t s  i n f i n i t e  d i l u t i o n  in  p h enan th rene-benzene  
s o l u t i o n  i s  t o  be c a l c u l a t e d  and compared w ith  th e  e x p e r im e n ta l  v a lu e s  
r e p o r te d  by Turek e t  a l .  ( 9 ) .
The s o l u b i l i t y  p a ra m e te rs  and th e  l i q u i d  m olar  volumes o f  th e  
su b s ta n c e s  employed in  t h i s  r e s e a r c h  a r e  e v a lu a te d  a t  th e  m e l t in g  
te m p e ra tu re s  o f  th e  f i v e  s o l i d s  and t a b u la t e d  i n  t a b l e  5 .1 .
TABLE 5.1
S o l u b i l i t y  Param eters  and Molar L iqu id  Volumes o f  S o lid s  and L iqu ids  a t  th e  M elting  P o in ts  o f  S o lid s
S o lid s______________ P y r id in e _____________ Thiophene_____________ Benzene1m
K 62
£
V2 6 1
£
v i 61
SL
V1 6 1
£
V1
(J/m 3) 5* (m3m ol,^) (J/m 3)^ (m3mol,*) (J/m l ) h (m3mol#.^) ( J l * l ) h (m3mol#.^)
x 10 x 10 x 104 x 10 x 104 x 10 x 10 x 10
Biphenyl 342.6 1 .9304a 155 .16b 2.0259s 84.87b 1.8759° 83.78d 1.7274j 94 .57k
Naphthalene 352.8 1.9662s 130.86e 1.99383 8 5 .86b 1.8426° 84.87d 1.6957j 95.96k
Phenanthrene 372.8 1.9772s 168 .05f 1.93773 87 .31b 1.7759° 8 7 . l4 d 1.6283j 98 .63k
F luorene 387.6 1.85088 163 .70h 1.88413 8 9 .36b 1.7259° 88.96d 1.5817j 100.40k
Acenaphthene 366.5 1.89308 149 .801 1.9519s 8 7 .19b 1.7974° 8 6 .38d 1.6607^ 9 7 .64k
a .  E n thalpy  o f  v a p o r iz a t io n  was ev a lu a te d  by u s ing  th e  C lausius-C lapeyron  e q u a t io n  w ith  th e  Antoine 
eq u a t io n  co n s ta n ts  g iven  by Reid e t  a l .  (10 ) .
b .  Timmermans (11 ) .
c .  E n tha lpy  o f  v a p o r iz a t io n  d a ta  from Advanced Chemistry S e r i e s ,  Vol. 15/22 (13 ) .
d . I n t .  C r i t .  T ab les ,  Vol. 3 (13).
e .  Weast e t  a l .  ( 1 ) ,  Reid e t  a l .  (10) and Dean (14 ) .
f .  I n t .  C r i t .  Tables (1 3 ) .  E x tra p o la te d  by u s ing  eq u a t io n  12-3 .2  o f  Reid e t  a l .  (10).
g. Antoine e q u a t io n  c o n s ta n ts  g ive  by Dean (14).
h. McLaughlin and Ubbelohde (15).
i .  Lange and F orker (16).
j .  Heat o f  v a p o r iz a t io n  d a ta  from F ig .  7B1*11 and 7B1*18 in  API Data Book (17) .
k. F ig .  16-12, NGPSA Engineering  Data Book (18) .
TABLE 5. 1 (continued)
S o l u b i l i t y  Param eters  and Molar L iquid  Volumes o f  S o lid s  and L iqu ids  a t  th e  M elting  P o in ts  o f  S o lid s
Carbon T e t r a c h lo r id e  Cyclohexane
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£
V1 *3
£
V3
Biphenyl
(J/m 3)* 
x 10
1.6347C
(m3mol *) 
x 10
102.69b
x 10 
l-5473j
(m3mol 
x 10
114 .82k
N aphthalene 1.6054c 104 .18b 1.5203j 116.89k
Phenanth rene 1.5492C 107.25b 1.4501j 120.23k
F luorene 1.5080° 109.64b 1.4117j 122.33k
Acenaphthene 1.5678C 1 0 6 .16b 1.4845^ 118.54k
2) S o lu te -B enzene ,  S o lu te -C arbon  T e t r a c h lo r id e  and S o lu te -C yclohexane
S ystem s.
The a c t i v i t y  c o e f f i c i e n t s  o f  th e  f i v e  s o l i d s  in  benzene , carbon 
t e t r a c h l o r i d e  and cyclohexane s o lu t i o n s  a re  p r e d i c t e d  by th e  f l o a t i n g  
datum p o i n t  method and compared w ith  th e  v a lu e s  e v a lu a te d  from th e  
ex p e r im e n ta l  s o l u b i l i t y  d a ta  which were r e p o r te d  by McLaughlin and 
Z a in a l  ( 4 , 5 , 6 ) .  F o r  th e  b in a ry  system s s o l id -b e n z e n e ,  e q u a t io n  2 .70  
p r e d ic t e d  a c t i v i t y  c o e f f i c i e n t s  o f  th e  s o lu te s  w ith  an average d e v i a t io n  
o f  3.2% f o r  22 d a ta  p o in t s  as  shown in  t a b l e  5 .2 .  For th e  b in a ry  
system s s o l id - c a rb o n  t e t r a c h l o r i d e ,  th e  e q u a t io n  p r e d ic te d  a c t i v i t y  
c o e f f i c i e n t s  o f  th e  s o lu t e s  w ith  an average  o f  7.1% f o r  22 d a ta  p o in t s  
as  i l l u s t r a t e d  in  t a b l e  5 .3 .  For s o l id s -c y c lo h e x a n e .  sy s tem s , on th e  
o th e r  hand, th e  method p r e d ic t e d  a c t i v i t y  c o e f f i c i e n t s  w ith  an average 
d e v i a t i o n  o f  8.9% f o r  23 d a ta  p o in t s  as  g iven  in  t a b l e  5 .3 .  The a c ­
cu racy  o f  p r e d i c t i o n  f o r  s o l id -c y c lo h e x a n e  systems i s  n o t  as a c c u r a te  as  
f o r  s o l id -b e n z e n e  system s. As seen  from th e  t a b l e s ,  th e  accu racy  
becomes p o o re r  as  i s e x t r a p o la t e d  to  te m p e ra tu re s  f a r t h e r  from th e  
m e lt in g  p o in t  o f  th e  s o l i d .  The d i s c r e p a n c ie s  a re  more s i g n i f i c a n t  f o r  
th e  more n o n - id e a l  s o lu t i o n s  such as s o l id -c y c lo h e x a n e  system s.
T h is  r e s u l t  can be e x p e c te d ,  however, i f  we examine th e  assum ption
Emade f o r  th e  r e g u la r  s o l u t i o n  th e o ry ,  i . e .  s = 0 .  From t h i s  assum ption , 
we o b ta in e d  e q u a t io n  4 .4  f o r  th e  dependence o f  £ny^ on te m p e ra tu re .  
E q u a t io n  4 .4  may be changed in  form to
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TABLE 5.2
Comparison o f  th e  A c t i v i t y  C o e f f i c i e n t s  o f  th e  F ive  S o l id s  
i n  Benzene S o lu t io n  P r e d ic te d  by th e  F lo a t in g  Datum P o in t  
Method w ith  Those E va lua ted  from th e  E xperim en ta l 
S o l u b i l i t y  Data o f  McLaughlin and Z a in a l  (A).
Temp. (X2 )exp . (y2 )exp . Eq. 2. 70 Eq. 2 .62
K (v2)pred . A
%
(y2 )p re d .  A 
%
Biphenyl
310.0 0.5118 1.030 1.034 0 .4 1.030
320.6 0.6478 1.017 1.015 0 .2 1.013 0 .4
332.2 0.8195 1.013 1.003 0 .4 1.003 0 .9
336.2 0.8916 1.006 1.001 0 .5 1.001 0 .5  
JK12  = -0 .0007
N aphthalene
308.0 0.3766 1.082 1.119 3 .4 1.082
318.0 0.4806 1.055 1.073 1.7 . 1.051 0 .4
320.4 0.5094 1.047 1.063 1.5 1.044 0 .3
336.2 0.7119 1.029 1.018 1.0 1.013 1 .5
348.8 0.9180 1.009 1.001 0 .8 1.001 0 .8  
£ = -0 .0033
F luo rene
306.6 0.1604 1.297 1.310 1.0 1.297 -
327.4 0.2778 1.214 1.179 2 .9 1.171 3 .5
331.4 0.3095 1.186 1,154 2 .7 1.148 3 .2
342.4 0.4059 1.135 1.098 3 .3 1.094 3 .6
345.8 0.4405 1.119 1.082 3 .3 1,079 
A12 "
3 .6
-0 .0005
Phenanthrene
305.0 0.2239 1.372 1.436 4 .7 1.372 -
313.2 0.2836 1.290 1.323 2 .5 1.279 1.0
314.8 0.2990 1.265 1.299 2 .6 1.259 0 .6
323.2 0.3750 1.193 1.204 0 .9 1.177 1.5
*12  = “° - 0024
303.6 0.1815 1.309 1.195 8.7 1.309 -
314 .4 0.2540 1.234 1.143 7 .4 1.223 0 .8
336.2 0.4731 1.114 1.052 5 .6 1.080 3 .1
342 .4 0.5552 1.090 1.034 5 .1 1.052 
£ 12 =
3 .4
0.0044
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TABLE 5.3
Comparison o f  th e  A c t i v i t y  C o e f f i c i e n t s  o f  th e  F ive  S o l id s  
in  Carbon T e t r a c h lo r id e  S o lu t io n  P r e d ic t e d  by th e  F lo a t in g  
Datum P o in t  Method w ith  Those E v a lu a te d  from th e  
E xper im en ta l  S o l u b i l i t y  Data o f  McLaughlin and Z a in a l  ( 5 ) .
Temp.
K
(X ^)exp. (Y2 ) exP- Eq. 2 .70
(y2)p re d . A
%
Eq. 2 .62  
(y2 )p re d .  A
%
Biphenyl
303.0 0.3963 1.106 1.145 3 .5 1.106
311.4 0.4946 1.069 1.089 1.9 1.065 0 .3
318.4 0.5998 1.024 1.049 2 .4 1.036 1 .2
326.6 0.8279 0.879 1.007 1.005 
£ 12 = -0 .0035
N aphthalene
304.6 0.3129 1.212 1.313 8 .3 1.212
314.0 0.4046 1.157 1.209 4 .5  . 1.144 1.1
322.6 0.5132 1.095 1.124 2 .6 1.087 0 .7
329.0 0.6010 1.065 1.077 1.1 1.054 1 .0
335.8 0.6992 1.046 1.041 0 .4 1.028 
£ 12 =
1.7
-0 .0060
F luo rene
311.2 0.1619 1.399 1.564 11.8 1.399 -
319.6 0.2069 1.333 1.454 9 .1 1.325 0 .6
325.8 0.2499 1.269 1.372 8 .1 1.268 0 .0
331.2 0.2879 1.239 1.312 5 .8 1.226 1.0
337.6 0.3436 1.187 1.241 4 .5 1.175 
£ 12 “
1 .0
-0 .0052
Phenanthrene
305.4 0.1768 1.176 1.971 14.9 1.716 -
309.8 0 .2084 1.600 1.820 13.8 1.610 0 .6
313.8 0.2421 1.499 1.688 12.6 1.517 1.2
316.8 0.2664 1.448 1.607 10.9 1.459 0 .7
319.0 0.2920 1.382 1.534 11.0 1.405 
o -  
12
1 .6
-0 .0061
Acenaphthene
303.0 0.1805 1.311 1.441 9 .9 1.311
314.4 0.2627 1.212 1.307 7.8 1.219 0 .5
318.4 0.2987 1.177 1.263 7 .3 1.189 1.0
325.0 0.3585 1.151 1.201 4 .3 1.145
fi12
0 .5
-0 .0046
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TABLE 5,4
Comparison o f  th e  A c t i v i t y  C o e f f i c i e n t s  o f  th e  F iv e  S o l id s  
in  Cyclohexane S o lu t io n  P re d ic te d  by th e  F lo a t in g  Datum P o in t  
Method w ith  Those E v a lu a te d  from th e  E xperim en ta l 
S o l u b i l i t y  Data o f  McLaughlin and Z a in a l  (6 ) .
Temp. (X2)exp . (Y2)exp- E q . 2 .70 Eq. 2 .62
K (y )p re d .  A (Y2)p re d .  A
% %
B iphenyl
299.3 0.2013 2.073 1.663 19.8 2.073
310.2 0.3497 1.517 1.344 11.4 1.528 0 .7
318.1 0.5022 1.248 1.166 6 .5 1.247 0 .0
325.0 0.6527 1.105 1.069 3 .2 1.101 0 .4
331.0 0.7814 1.040 1.025 1.5 1.035 
£ 12 =
0 .5
0.0106
N aphthalene
300.0 0.1541 2.197 2.053 6 .6 2.197
311.0 0.2520 1.729 1.700 1.7 1.787 3 .3
318.6 0.3479 1.476 1.470 0 .4 1.524 3 .2
325.2 0.4576 1.288 1.289 0.1 1.321 2 .2
329 .4 0.5380 1.193 1.196 Ov-S* 1.216 
£ 12
1.9
0.0031
F luo rene
306 .0 0.0502 4.081 2.949 27.7 4.018 -
319.6 0.0910 3.113 2.517 19.1 3.322 6 .7
331.6 0.1525 2.419 2.102 13.1 2.629 8 .7
342.0 0.2435 1.878 1.719 8 .5 2.023 
A12 =
7 .8
0.0111
P henan threne
300 .4 0.0402 6.809 5.296 22 .2 6.809 -
313 .0 0.0785 4.584 4.185 8 .7 5.202 13.3
328.6 0.1753 2.797 2.759 1 .4 3.219 14.9
333.5 0.2394 2.243 2.251 0 .4 2.547 13.2
340.4 0.3747 1.629 1.629 0 .0 1.754 
* 1 2  =
7 .2
0.0073
Acenaphthene
308.5 0.0880 3.090 2.167 29 .8 3 .090
323 .0 0.2077 1.876 1.690 9 .9 2.149 14.5
330.0 0.2812 1.645 1.503 8 .6 1.812 10.1
333.8 0.3453 1.454 1.383 4 .8 1.604 
£ 12 =
10.3
0.0136
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Upon comparing e q u a t io n  5 .2  w i th  4 . 1 ,  we can see  t h a t  e q u a t io n  4 .1
—E —Er e q u i r e s  h^ to  be c o n s ta n t .  In  f a c t ,  EL o f  a s o lu t e  rem ains f a i r l y
c o n s ta n t  i n  a m oderate  te m p e ra tu re  range . The m oderate  te m p era tu re
_E
ran g es  d u r in g  which h^ may be c o n s id e re d  to  be c o n s ta n t  depends on th e
n a tu r e  o f  th e  system . For example, th e  s o lu t i o n s  such as so l id -b e n z e n e
system , which i s  c lo s e  to  i d e a l  s o l u t i o n ,  a l low  e x t r a p o l a t i o n  o f  y^ over
l a r g e r  te m p era tu re  ranges  th a n  a h ig h ly  n o n - id e a l  s o l u t i o n  such as
s o l id -c y c lo h e x a n e  system s. A cco rd in g ly ,  th e  p o o re r  acc u racy  o f  th e
p r e d i c t i o n  a t  lower te m p e ra tu re s  i s  caused by th e  in h e re n t  in a c c u ra c y  in
Eth e  assum ption  o f  s = 0 ,  which th e  r e g u la r  s o l u t i o n  th e o ry  i s  based  on.
One way to  overcome t h i s  shortcom ing i s  t o  e v a lu a te  a c t i v i t y  c o e f ­
f i c i e n t s  by e q u a t io n  2 .6 4 ,  which has an a d j u s t a b l e  c o n s ta n t  £ „  i n  i t .  
T h is  e q u a t io n  needs one e x p e r im e n ta l  datum p o i n t  f o r  th e  e v a lu a t io n  o f  
th e  b in a ry  p a ram e te r  JL ^ . When th e  p a ra m e te rs  e v a lu a te d  a t  th e  low es t 
te m p e ra tu re  d a ta  p o in t s  were used f o r  th e  p r e d i c t i o n ,  th e  average  a c ­
cu racy  was improved to  1.3% f o r  s o l id -b e n z e n e  system s,  t o  0.6% f o r  
s o l id - c a r b o n  t e t r a c h l o r i d e  system s and to  5.1% f o r  so l id -c y c lo h e x a n e  
s y s te m s .
We a l s o  t e s t e d  th e  p o s s i b i l i t y  o f  c a l c u l a t i n g  th e  s o l u b i l i t y  
p a ram e te r  and th e  l i q u i d  m olar volume o f  th e  s o lu t e  a t  i t s  subcooled  
l i q u i d  s t a t e  by e x t r a p o l a t i o n .  For n a p h th a le n e ,  f o r  example, th e  h e a t  
o f  v a p o r iz a t i o n  has been r e p o r te d  (11) down to  298 K. a t  i t s  sub-
coo led  l i q u i d  s t a t e s  th e n  can be e v a lu a te d  by
AuY = AhY - RT (5.3)
Liquid density of naphthalene has been reported at 358 K (14), 363 K 
(10) and 373 K (1) and these data are extrapolated to the subcooled
V  £l i q u i d  s t a t e s .  Au^, v^ and 6^ were th u s  e v a lu a te d  i n  th e  subcooled  
l i q u i d  s t a t e  o f  n a p h th a le n e .  By u s in g  th e s e  v a l u e s ,  y^ o f  n ap h th a len e
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i n  cyclohexane s o l u t i o n  was p r e d ic te d  a t  f i v e  d i f f e r e n t  te m p e ra tu re s  as 
i l l u s t r a t e d  in  column 6  in  t a b l e  5 .5 .  In  th e  t a b l e ,  th e  acc u racy  o f  
p r e d i c t i o n  by t h i s  method i s  compared w ith  t h a t  by th e  f l o a t i n g  datum 
p o i n t  method. The d e v ia t io n  in  th e  t a b l e  i s  d e f in e d  by
x 100 ( 5 . A)| ( y j e x p  -  ( y . )p red  — (Yi )exp
As seen  from th e  t a b l e ,  th e  p r e d i c t i o n  by th e  form er method y i e l d s  a 
d e v i a t i o n  o f  59.1% a t  300 K w hile  by th e  f l o a t i n g  datum p o i n t  method
6 . 6 %. The h ig h  d e v i a t io n  i s  caused by th e  e rro n eo u s  assum ption  t h a t  th e  
d e n s i t y  o f  th e  subcooled  l i q u i d  cou ld  be o b ta in e d  by e x t r a p o l a t i n g  th e
y
v a lu e s  o f  th e  normal l i q u i d  s t a t e s .  As th e  ex p e r im e n ta l  v a lu e s  f o r  Au.
£ * 
and v^ o f  most s o l i d s  i n  t h e i r  subcooled  l i q i d  s t a t e s  a re  n o t  a v a i l a b l e ,
r e l i a b l e  v a lu e s  f o r  6 ^ cannot be e v a lu a te d  a t  te m p e ra tu re s  below t h e i r
t r i p l e  p o in t .
A cco rd ing ly ,  th e  f l o a t i n g  datum p o in t  method i s  one o f  th e  a l t e r n a -
£
t i v e s  which en ab le s  e s t im a t in g  6 ^, v^ and Y  ^ o f  s o l i d  components w i th  a 
sound t h e o r e t i c a l  b a s i s .  For h ig h ly  n o n - id e a l  s o l u t i o n s ,  however, 
p r e d i c t i o n  o f  Y  ^ must be made w ith  c a u t io n .  I t  i s  recommended t h a t  th e  
b in a ry  p a ram ete r  be used whenever ex p e r im e n ta l  d a ta  i s  a v a i l a b l e .
3) A c t i v i t y  C o e f f i c i e n t  a t  I n f i n i t e  D i lu t io n .
As a second t e s t ,  th e  a c t i v i t y  c o e f f i c i e n t  o f  benzene a t  i n f i n i t e  
00
d i l u t i o n  Yj i *1 th e  b in a ry  system phenan th ren e -b en zen e  was p r e d ic te d  
u s in g  th e  f l o a t i n g  datum p o in t  method. In  t h i s  c a s e ,  th e  a c t i v i t y  
c o e f f i c i e n t  o f  benzene can be e x p re s sed  by e q u a t io n  2 .6 9 .  At i n f i n i t e  
d i l u t i o n  where X  ^ •* 0  and 1 » 0 2  t *ie e q u a t io n  becomes u n i t y ,  and
th e n  i t  reduces  to
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T e m p .
K
300.0
311.0
318.6
325.2
329.4
TABLE 5.5
Comparison o f  th e  A c t i v i t y  C o e f f i c i e n t s  o f  
N aphthalene i n  Cyclohexane S o lu t io n  E v a lu a te d  by 
th e  F lo a t in g  Datum P o in t  Method and Those by E x t r a p o la t io n .
Oj and o2  
E va lua ted
,v N . % F lo a t in g  Datum a t  Subcooled
2 ‘ (y2 )eXg- P o in t  Method L iqu id  S ta t e s
(y ) c a l . A ( y „ ) c a l .  A
0.1541 2.197 2.053
0.2520 1.729 1.700
0.3479 1.476 1.470
0.4576 1.288 1.289
0.5380 1.193 1.196
% %
6 . 6 3.496 59.1
1.7 2.218 28 .2
0 .4 1.701 15.2
0 . 1 .1.317 2 .3
0 .3 1.185 0.7
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RTJtny® = v2  (S ^ ) 2  (5 -5 )
00
Turek e t  a l .  ( 8 ) de term ined  y^ to  be 1.41 f o r  benzene i n  th e  b in a ry
system phenan th rene-benzene  a t  393 K and 3 .31  x 10"* Pa u s in g  a g as-
£
l i q u i d  p a r t i t i o n  chrom atograph experim en t .  When th e  v a lu e s  o f  v ^ ,  6 ^
Co
and 6 ^ g iv e n  in  t a b l e  5 .1  were used w ith  th e  p r e s s u r e  e f f e c t  on y^
00
ig n o re d ,  we o b ta in ed  1.443 f o r  y^  ^ a t  393 K from e q u a t io n  5 . 5 ,  which i s
in  e x c e l l e n t  agreement w ith  th e  ex p e r im en ta l  v a lu e s .
This  c lo s e  agreem ent su g g e s ts  t h a t  th e  f l o a t i n g  datum p o in t  method 
may be used to  check i f  th e  s c a le d  p a r t i c l e  th e o ry  can be used f o r  th e  
p r e d i c t i o n  o f  y2  th e  p r e s e n t  s o l i d - l i q u i d  system s. F or  t h i s  p u rp o se ,  
we c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  o f  n ap h th a le n e  a t  i n f i n i t e  d i l u t i o n  
in  b o th  benzene and cyclohexane s o lu t i o n s  by u s in g  e q u a t io n  2 .113 .  The 
c a l c u l a t e d  r e s u l t s ,  i n  t u r n ,  were compared w ith  th e  v a lu e s  o b ta in e d  by 
m n y "  = v2  (S r 6 2 ) 2  (5 .6 )
In  e q u a t io n s  2.113 and 5 . 6 ,  component 1 d en o te s  s o lv e n t  e i t h e r  benzene 
o r  cyclohexane and component 2 n a p h th a le n e .  The p a ram e te rs  to  be used 
f o r  e q u a t io n  2.113 a re  g iven  in  t a b l e  5 .6  and th o se  f o r  e q u a t io n  5 .6  i n  
t a b l e  5 .1 .  M olecu lar p a ram e te rs  0  and e / k  o f  n ap h th a le n e  a r e  e s t im a te d  
by th e  e q u a t io n s  g iven  by Reid e t  a l .  ( 9 ) .
p
CT ( ^  ) 1 / 3  = 2.3551 -  0 .087 uj (5 .7 )
c
= 0.7915 + 0.1693 ut (5 .8 )
c
g
where U) i s  a c e n t r i c  f a c t o r .  S a tu r a t i o n  p r e s s u r e  o f  n a p h th a le n e  i s  
e s t im a te d  by th e  A nto ine  e q u a t io n  u s in g  th e  c o n s ta n t s  g iv e n  by Reid 
e t  a l . ( 9 ) .
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TABLE 5.6
M olecu lar  Param ete rs  For Benzene, 
Cyclohexane and N aphthalene.
CT E j /k v£ Tc Pc
i n - 1 0mxlO K (m-Vmol)x 1 0 " 6
K MPa
Benzene 5 .2 5 a 507a 96. l b -
Cyclohexane 5 .6 2 a 540a 115 .3b - -
N aphthalene 6 . 18d 6 3 0 .6d - 7 4 8 .4C 4 .0 5 3 C
u>
a .  Wilhelm and B a t t in o  (1 9 ) .
b .  NGPSA (1 8 ) .
c .  Reid e t  a l .  (1 0 ) .
d. E s tim a ted  by e q u a t io n s  5 .7  and 5 .8 .
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00
^ 2  e v a lu a te d  by th e  s c a le d  p a r t i c l e  th e o ry  a t  th e  m e lt in g  p o in t  o f
n a p h th a le n e  becomes 12.7 f o r  th e  system  nap h th a len e -b en zen e  and 3812 f o r
00n a p h th a le n e -c y c lo h e x a n e . Y2  by th e  f l o a t i n g  datum p o in t  method, on th e
o th e r  hand , becomes 1.385 f o r  t h e  system n ap h th a len e -b e n zen e  and 2.425
f o r  n a p h th a le n e -c y c lo h e x a n e .  As comparison o f  th e  r e s u l t s  shows a l a rg e
d i f f e r e n c e ,  i t  may be concluded t h a t  th e  s c a le d  p a r t i c l e  th e o ry  i s  n o t
00
p ro p e r  f o r  th e  p r e d i c t i o n  o f  y^  *-n s o l i d - l i q u i d  system s. The
f a i l u r e  o f  th e  p r e d i c t i o n  by th e  s c a le d  p a r t i c l e  th e o ry  can be a t ­
t r i b u t e d  t o  th e  fo l lo w in g  re a s o n s :
1) The n ap h th a len e  m olecule  i s  n o t  s p h e r i c a l  no r  can be co n s id e re d  
a h a rd  sp h e re .  I t  i s  r a t h e r  p la n a r  and must be t r e a t e d  as  a 
r e a l  m olecu le  w ith  in t e r m o le c u la r  f o r c e s .  The s c a le d  p a r t i c l e  
th e o ry  was developed  based  on th e  assum ption  t h a t  th e  s o lu t e  
m olecu le  was a h ard  sp h e re .
2) The p a r t i a l  m o lecu la r  e n t ro p y  o f  a s o lu t e  m olecu le  was assumed 
to  be n e g l i g i b l e .  This  a ssum ption  i s  approxim ate and may
cause  an e r r o r  f o r  l a rg e  m olecu les  as  i n d i c a te d  by Shoor and
Gubbins (2 0 ) .
As a r e s u l t ,  th e  s c a le d  p a r t i c l e  th e o ry  i s  t o  be exc luded  from th e  
c o r r e l a t i o n  work i n  th e s e  s t u d i e s .
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CHAPTER VI.
C o r r e l a t i o n  o f  E xperim en ta l Data
1) The E f f e c t  o f  th e  Phase T r a n s i t i o n  in  Phenanthrene on I t s  S o l u b i l i t y .
I t  i s  r e p o r te d  t h a t  p h enan th rene  undergoes a lambda p o in t  t r a n s i ­
t i o n  from around 331 K to  361 K by A rnd t and Damask ( 1 ) ,  C a s e l l a to  e t  
a l .  (2) and F inke e t  a l .  ( 3 ) .  The s p e c i f i c  h e a t  d a ta  o f  th e  s o l i d  
ta k en  by F inke  e t  a l .  i s  p l o t t e d  in  f ig u r e  6 .1  as a fu n c t io n  o f  
te m p e ra tu re .  The s p e c i f i c  h e a t  d a ta  a t  te m p e ra tu re s  below 316 K and 
above 360 K a re  i n t e r p o l a t e d  by a l e a s t  sq u a res  f i t  and g ive  an ex­
p r e s s io n  f o r  th e  co n t in u o u s  b ase  l i n e  as
A cco rd ing ly ,  th e  e f f e c t  o f  a phase t r a n s i t i o n  on th e  s o l u b i l i t y  o f  
s o l i d s ,  as  ex p ressed  by e q u a t io n  2 .3 5 ,  can be v e r i f i e d  by th e  s o l u b i l i t y  
measurements o f  p henan th rene  i n  a s u i t a b l e  s o lv e n t .
As an i l l u s t r a t i o n ,  we choose th e  s o l u b i l i t y  d a ta  o f  phenan th rene  
i n  p y r id in e .  The d a ta  were ta k e n  m ain ly  i n  two te m p e ra tu re  r e g io n s ,  one 
below th e  s t a r t  o f  th e  phase  t r a n s i t i o n  and th e  o th e r  a f t e r  i t  had 
ended. The d a t a ,  g iv e n  i n  t a b l e  2 . 2 ,  a re  p l o t t e d  in  f i g u r e  6 .2 .  The 
s o l u b i l i t y  p l o t  p roduces  two d i f f e r e n t  l i n e s ,  th e  e q u a t io n s  f o r  which 
a re  o b ta in e d  by a l e a s t  s q u a re s  f i t  o f  th e  d a t a .
For  th e  upper  l i n e
C p / C J m o r V 1) = 44 .38  + 0 .4342 T + 0 .5936 x 10" 3  T2 (6 . 1)
-£nX2  = 2 .0676 x 103  i  -  5 .5487 ( 6 . 2 )
and f o r  th e  low er l i n e
-£nX2  = 2.3096 x 103  |  -  6 .3020 (6 .3 )
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0  Data by f in k e  e t  a l .
A In te rp o la te d  valuea by Eq. 6.1
4.0
o
X
CoB » 44.38 + 0.434171 T + 0.59352* 10 T (Eq. 6 .1)
2.0
310 320 330 340 350 360 370
T/K
Figure 6 .1 , S pec ific  Heat of Phenanthrene.
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F igure  6 .2 . S o lu b i l i ty  o f  Phenanthrene (2) In  P y rid ine  (1)
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From th e  p l o t ,  one can see  t h a t  th e  s o l u b i l i t y  d a ta  a t  323 .4  K l i e s  
below th e  low er l i n e .  T h is  means t h a t  th e  phase  t r a n s i t i o n  a l r e a d y  has 
s t a r t e d  and th u s  a f f e c t s  th e  s o l u b i l i t y  o f  phenan th rene  a t  t h i s  tem pera­
t u r e .  T h is  f a c t  i s  a l s o  seen  when we examine th e  s p e c i f i c  h e a t  curve  in  
f ig u r e  6 . 1 .
To use e q u a t io n  2 .35  f o r  th e  p r e d i c t i o n  o f  s o l u b i l i t y ,  we must know
f  f  B
th e  p h y s ic a l  p r o p e r t i e s  i n  th e  e q u a t io n  AS2 T ’ ^  2T ’ ^ 2 ’ ^ 2* ^
m P m ”  "  a
and T and, i n  a d d i t i o n ,  th e  a c t i v i t y  c o e f f i c i e n t  o f  th e  s o l u t e  Yj-
f  fAS2 Y and AC were g iv e n  i n  t a b l e  4 .1 .  The observed  m e l t in g  tem pera-  
m ” m
t u r e  372.8  K i s  used f o r  T . T and T, a r e  found from f ig u r e  6 .1  t o  bem a b 6
314 .0  and 360.0  K, r e s p e c t i v e l y .  For th e  e f f e c t  o f  phase  t r a n s i t i o n ,
P Pe q u a t io n  2 .37  i s  used r a t h e r  th a n  e q u a t io n  2 .3 6 .  Thusj Ah^ and AS2  a r e  
e v a lu a te d  by s u b t r a c t i n g  th e  i n t e g r a t i o n  o f  e q u a t io n  6 . 1  from th e
e n th a lp y  and e n tro p y  changes which a re  c a l c u l a t e d  from th e  d a ta  g iv e n  by
R p p
Finke  e t  a l .  ( 3 ) ,  i n s t e a d  o f  u s in g  and At T < Tfl, At^ and AS2
remain c o n s ta n t  w i th  t h e  v a lu e s  g iven  in  t a b l e  4 .2 .  When T& < T < T^, 
P PAh2  and AS2  v a ry  w ith  th e  s o l u t i o n  te m p e ra tu re  T s in c e  th e y  th e n  r e ­
p r e s e n t  th e  e f f e c t  o f  t h e  phase t r a n s i t i o n  from T to  T^. E q u a t io n  2 .68
i s  used f o r  th e  c a l c u l a t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  where component 1
£
s ta n d s  f o r  p y r id i n e  and 2  f o r  p h en an th ren e .  v^ and 6  ^ c a l c u l a t e d  a t
298 K from th e  l i q u i d  d e n s i t y  and e n th a lp y  o f  v a p o r i z a t i o n  d a ta  of
“ 6  3 “ 1p y r id in e  g iven  by Timmermans (4 )  a r e  80.86  x 10 m mol and 2.167 x 
104  (J /m ^ )^ .  v^ and 6 2  a t  298 K a r e  g iven  by H ild eb ran d  e t  a l .  (5) to  
be 158 x 10" 6  m^ mol 1 and 2.005 x 104  ( J / m ^ ) \  r e s p e c t i v e l y .
Using th e s e  v a l u e s ,  X2  i s  c a l c u l a t e d  by e q u a t io n  2 .33  a t  tem pera­
tu r e s  below T^ and by e q u a t io n  2 .16  a t  te m p e ra tu re s  from Tfl to  Tffl. The
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r e s u l t s  a r e  i l l u s t r a t e d  i n  t a b l e  6 . 1 , where th e  s o l u b i l i t y  of 
phenan th ren e  a t  te m p e ra tu re s  below i s  p r e d i c t e d  by e q u a t io n  2 .35  w ith  
an ave rage  d e v i a t i o n  o f  0.8% f o r  s i x  d a ta  p o i n t s .  The s o l u b i l i t y  o f  th e  
s o l i d  a t  te m p e ra tu re s  between and T i s  p r e d i c t e d  by e q u a t io n  2 .16  
w ith  an ave rage  d e v i a t i o n  o f  0.6% f o r  fo u r  d a ta  p o i n t s .  The d e v ia t io n ,  
in  t h i s  c a s e ,  i s  d e f in e d  by e q u a t io n  5 .4 .  This  c lo se  agreem ent su g g e s ts  
t h a t  e q u a t io n  2-35 p r o p e r ly  r e p r e s e n t s  th e  s o l u b i l i t y  o f  s o l id s  in  
l i q u i d s  a t  te m p e ra tu re s  d u r in g  and below th e  s o l i d  phase t r a n s i t i o n .
2) A c t i v i t y  C o e f f i c i e n t s  o f  B inary  Systems.
As s o l u b i l i t y  d a ta  X2  v s .  T a r e  a v a i l a b l e ,  a c t i v i t y  c o e f f i c i e n t s  o f  
th e  s o l u t e  can e v a lu a te d  u s in g  th e  s o l u b i l i t y  e q u a t io n s  d e r iv e d  in  
C hapter  I I ,  i f  th e  p h y s ic a l  c o n s ta n t s  i n  th e  e q u a t io n  a re  known. For 
th e  s o l i d s  b ip h e n y l ,  n a p h th a le n e ,  f lu o r e n e ,  acenaphthene and p h enan th rene ,  
such p h y s ic a l  p r o p e r t i e s  a r e  a v a i l a b l e  and g iven  in  t a b l e  4 .1 .
A c t i v i t y  c o e f f i c i e n t s  f o r  th e  f i r s t  fo u r  s o l i d s  were e v a lu a te d  f o r  
a l l  d a ta  p o in t s  u s in g  e q u a t io n  2 .1 4 .  For p h en an th ren e ,  e q u a t io n  2 .14  
was used a t  s o l u t i o n  te m p e ra tu re s  above th e  end o f  th e  phase t r a n s i t i o n  
w h ile  e q u a t io n  2 .35  was used  a t  te m p e ra tu re s  below th e  end o f  th e  phase 
t r a n s i t i o n .  To s a t i s f y  th e  c o n d i t io n  ■* 1 w h ile  Tffl/T -»• 1, th e  ob­
se rv ed  m e l t in g  te m p e ra tu re s  o f  th e  samples were used in s t e a d  o f  th e
, f
1m
l i t e r a t u r e  v a lu e s  g iv e n  in  t a b l e  4 .1 .  For b ip h e n y l ,  new v a lu e s  of
and AC , as  e x p la in e d  i n  C hap te r  IV, were used  in s t e a d  o f  th e  l i t e r a -  
m
t u r e  v a lu e s  g iv e n  i n  th e  t a b l e .  The new v a lu e s  improved th e  r e s u l t  f o r  
b ip h e n y l  i n  p y r id in e  b u t  n o t  b ip h e n y l  i n  th io p h en e .  As f u r t h e r  improve­
ment cou ld  n o t  be made owing to  th e  absence o f  v a p o r - l i q u id  e q u i l ib r iu m  
d a ta  o f  th e  system  b ip h e n y l - th io p h e n e ,  t h i s  b in a ry  m ix tu re  was excluded  
from th e  c o r r e l a t i o n  work o f  t h i s  s tu d y .
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TABLE 6.1
Comparison o f  th e  e x p e r im e n ta l  and p r e d ic te d  s o l u b i l i t y  
o f  p h enan th rene  i n  p y r id in e .
Tem perature
T/K
299.8
307.7
314.3
316.6
323.4
342.8
349 . 6  
355-6 
361.0
366.5
Mole f r a c t i o n  o f  
Phenan threne  by 
Experim ent 
(X2 ) exp.
0.2459
0.3011
0.3513
0.3690
0.4283
0.6170
0.6961
0.7651
0.8349
0.9111
Mole f r a c t i o n  o f  
Phenanthrene 
P re d ic te d  
(X2) p re d .
0.2517 2 .4
0.3035 0 .8
0.3526 0 .3
0.3709 0 .5
0.4281 0 .0
0.6245 1 .2
0.7015 0 .8
0.7724 0 .9
0.8401 0 .6
0.9125 0 .2
19* 
>
The e x p e r im e n ta l  a c t i v i t y  c o e f f i c i e n t s  e v a lu a te d  from s o l u b i l i t y  
d a ta  a re  l i s t e d  in  column 3 i n  t a b l e  6 .2 .  In  column 4 in  th e  t a b l e ,  
p r e d i c t e d  a c t i v i t y  c o e f f i c i e n t s  o f  th e  s o l u t e s  a re  g iven .  These v a lu es  
were e v a lu a te d  by e q u a t io n  2 .70  u s in g  s o l u b i l i t y  p a ram e te rs  and l i q u i d  
m olar volumes o f  th e  s o lu t e s  and s o lv e n t s  g iv e n  in  t a b l e  4 .1 .  
S i m i l a r l y ,  e q u a t io n  2 .62  was used to  c a l c u l a t e  a c t i v i t y  c o e f f i c i e n t s  
w ith  th e  b in a ry  p a ram ete r  2 ^  e v a lu a te d  a t  th e  low es t te m p era tu re  a t  
which th e  s o l u b i l i t y  was measured f o r  each system. The v a lu e s  f o r  Y2  
a re  g iven  in  column 6  in  th e  t a b l e  as  w e ll  a s  -^ 2 2 ' co^umns 5 and 7,
th e  d e v ia t io n s  d e f in e d  by e q u a t io n  5 .4  a r e  l i s t e d  f o r  b o th  c a se s .
The S c a tc h a rd -H ild e b ra n d  r e g u la r  s o lu t i o n  model p r e d ic te d  y^ w ith  
an ave rage  d e v i a t i o n  o f  2 . 8  % f o r  54 d a ta  p o in t s  as  sho.wn in  column 4 in  
th e  t a b l e .  The r e s u l t  s i g n i f i e s  t h a t  s o l u b i l i t y  p a ram e te rs  can be 
e v a lu a te d  by u s in g  th e  f l o a t i n g  datum p o in t  method, th u s  e l im i n a t in g  th e  
d i f f i c u l t i e s  i n  o b ta in in g  s o l u b i l i t y  p a ram e te rs  o f  th e  s o lu te  components 
in  t h e i r  subcooled  l i q u i d  s t a t e .  There i s  a g e n e ra l  t r e n d ,  however, in  
t h a t  th e  d e v i a t i o n  becomes l a r g e r  as  th e  system  te m p e ra tu re  d e c re a s e s .  
T h e re fo re ,  p r e d i c t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  by t h i s  method should  be 
made w ith  c a u t io n  a t  system  te m p e ra tu re s  f a r  from th e  m e lt in g  p o in t  o f  
th e  s o l u t e .  E qua tion  2 .6 2 ,  which in c lu d e s  th e  b in a ry  p a ram e te r  £ j 2 » 
improves th e  a cc u racy  o f  p r e d i c t i o n  to  an average  d e v i a t io n  o f  about 
0.6% as  i l l u s t r a t e d  in  column 6  o f  t a b l e  6 .2 .  In  t h i s  c a s e ,  however, 
one datum p o in t  i s  n e c e s s a ry  to  e v a lu a te  th e  b in a ry  p a ram e te r  ^-^2‘
While no p r e s c r i p t i o n  i s  a v a i l a b l e  f o r  d e te rm in in g  ^rom i i t s b
p r i n c i p l e s ,  i t  i s  u s e f u l  to  t r y  and c o r r e l a t e  th e  p r e s e n t  r e s u l t s  from 
s o l u b i l i t y  s t u d i e s .  For th io p h en e  Jll^ i s  8 0  c lo s e  t o  ze ro  t h a t  n o th in g
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TABLE 6.2
Comparison o f  th e  E xperim enta l and th e  P re d ic te d  
A c t i v i t y  C o e f f i c i e n t s  o f  Aromatic Hydrocarbon 
S o l id s  in  P y r id in e  and Thiophene.
Temp. 1 exp. ty 2 jexp . Eq. 2. 70 Eq. 2 .62
K (y2 ) c a l . A (Y2 ) c a l . A
% %
B iphenyl in P y r id in e
297.3 0.3742 1.054 1.013 3 .8 1.054 -
300.9 0.4085 1.042 1 . 0 1 1 2 .9 1.045 0 .3
307.1 0.4743 1.030 1.008 2 . 1 1.032 0 . 2
312 .4 0.5327 1.027 1.006 2 . 0 1.023 0 .3
323.7 0.6884 1.005 1 . 0 0 2 0 .3 1.008 0 .3
331.7 0.8170 1 . 0 0 0 1 . 0 0 0 0 . 0 1 . 0 0 1 0 . 1
£ 1 2  = 0 .0036
N aphthalene in  P y r id in e
297 .6 0.3032 1.061 1.006 5 .1 1.061 -
325.3 0.5748 1.034 1 . 0 0 1 3 .2 1 . 0 1 6 1.7
333.2 0.6808 1 . 0 2 2 1 . 0 0 1 2 . 0 1.008 1.4
337.2 0.7422 1 . 0 1 2 1 . 0 0 0 1 . 1 1.005 0 .7
344.4 0.8570 1.003 1 . 0 0 0 0 .3 1 . 0 0 1 0 . 2
£ 1 2  = 0 .0036
F lu o ren e  in P y r id in e
311.5 0.1979 1.153 1.003 13.0 1.153 -
327.1 0.2936 1 . 1 1 1 1 . 0 0 2 9 .8 1.096 1.3
340 .2 0.4002 1.075 1 . 0 0 1 6 . 8 1.057 1 . 6
349 .0 0.4909 1.042 1 . 0 0 1 3 .9 1.036 0 . 6
359 .2 0.6127 — 1 . 0 1 1 1 . 0 0 0 1 . 1 1.017 0 . 6
£ 1 2  = 0 .0066
P henan th rene  in  P y r id in e
299 .8 0.2459 1.087 1.004 7 .6 1.087 -
307.7 0.3011 1.057 1.003 5 .1 1.067 0 .9
314.3 0.3513 1.042 1 . 0 0 2 3 .8 1.052 0 .9
316 .6 0.3690 1.040 1 . 0 0 2 3 .6 1.047 0 . 6
323 .4 0.4283 1.025 1 . 0 0 2 2 . 2 1.035 0 .9
342 .8 0.6170 1 . 0 2 0 1 . 0 0 1 1 . 8 1 . 0 1 2 0 .7
349 .6 0.6961 1 . 0 1 2 1 . 0 0 0 1 . 1 1.007 0 .5
355 .6 0.7651 1 . 0 1 2 1 . 0 0 0 1 . 2 1.004 0 .7
361 .0 0.8349 1.007 1 . 0 0 0 0 .7 1 . 0 0 2 0 .4
366.5 0.9111 1 . 0 0 2 1 . 0 0 0 0 . 2 1 . 0 0 0 0 . 2
£ 1 2
0 .0041
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Temp. (X2 )exp . ( \ 2 )exp . Eq. 2 .70  Eq. 2 .62
K (V2 ) c a l .  A (v2 ) c a l .  A 
% %
Acenaphthene i n  P y r id in e
306.7 0 . 2 1 0 2 1.242 1.009 18.8 1.242 -
320.0 0.3166 1.158 1.006 13.1 1.145 1 . 1
332.9 0.4592 1.079 1.003 7 .0 1.072 0 . 6
337.5 0.5191 1.058 1 . 0 0 2 5 .3 1.052 0 . 6
343.7 0.6110 1.032 1 . 0 0 1 3 .0 1.030 
£ 1 2  = 0 ,
0 . 2
. 0 1 0 1
N aphthalene in  Thiophene
303.2 0.3588 1.023 1.014 0 . 8 1.023 0 . 0
318.2 0.5011 1 . 0 2 2 1.007 1.4 1 . 0 1 2 0 .9
322.7 0.5510 1 . 0 2 1 1.005 1.5 1.009 1 . 1
336.8 0.7372 1 . 0 1 1 1 . 0 0 2 0.9 1.003 0 .7
341.1 0.8053 1.004 1 .000 0 .4 1 . 0 0 1 0 .3
348.1 0.9167 1.003 1.000 0 .3 1 .000  
£ 1 2  = 0 ,
0 .3
.0008
F lu o ren e  in Thiophene
303.6 0.1844 1.017 1.052 3 .4  ' 1.017 -
321.0 0.2762 1.031 1.034 0 .3 1 . 0 1 1 2 . 0
335.5 0.3802 1.027 1 . 0 2 0 0 . 6 1.007 1.9
350.2 0.5146 1.017 1 . 0 1 0 0 . 6 1.003 1 .4
357.5 0.5954 1.008 1.006 0 . 2 1 . 0 0 2  
&1Z ~ - 0 ,
0 . 6
. 0 0 1 6
Phenan th rene in  Thiophene
299.4 0.2379 1.114 1 . 1 1 2 0 .4 1.114 -
304.9 0.2742 1.092 1.094 0 . 2 1.095 0 . 2
310.0 0.3146 1.063 1.077 1.3 1.078 1.4
321.2 0.4016 1.046 1.050 0 .4 1.050 0 .4
340.9 0.5907 1.035 1.017 1.7 1.017 1.7
348.3 0.6757 1 . 0 2 2 1.009 1 . 2 1 . 0 1 0 ht >•
355.0 0.7541 1.018 1.005 1 . 2 1.005 
&12 ~ 0 ,
1 . 2
. 0 0 0 1
Acenaphthene in  Thiophene
307 .3 0.2584 1.024 1 . 0 2 1 0 .3 1.024 -
319.6 0.3542 1 . 0 2 1 1.014 0 . 6 1 . 0 1 6 0 .5
328 .4 0.4407 1.014 1.009 0.5 1 . 0 1 0 0 .4
335.7 0.5224 1.009 1.006 0 .3 1.007 0 . 2
344 .8 0.6428 1 . 0 0 2 1 . 0 0 2 0 . 0 1.003 
A 1 2  = 0 ,
0 . 1
. 0 0 0 2
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u s e f u l  fo l lo w s  from th e  v a lu e s .  From th e  d a ta  i n  p y r id i n e ,  however, th e  
r e s u l t s  conform rough ly  t o  a group c o n t r i b u t i o n  p a t t e r n .  T h is  can be 
seen  i f  a benzene r in g  i s  a s s ig n e d  a v a lu e  o f  0 .0018 from th e  b ip h e n y l 
r e s u l t  and a “ CH^- i n  a r i n g  arrangem en t a v a lu e  o f  0 .0030 from th e  
f lu o re n e  r e s u l t .  With th o se  v a lu e s ,  c a l c u l a t e d  and ex p e r im en ta l  SL^  
v a lu e s  as  g iven  in  t a b l e  6 .3  show re a so n a b le  agreem ent. The number o f  
systems i s  however too  l im i t e d  to  have con fidence  in  th e  v a lu e s  and 
a d d i t i o n a l l y ,  as th e  v a lu e s  would on ly  ap p ly  to  th e  p a r t i c u l a r  s o lv e n t ,
such c o n d i t io n s  would have l i m i t e d  u t i l i t y .
In  a d d i t i o n  to  th e  S c a tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  th e o ry ,  
Guggenheim's s t r i c t l y  r e g u la r  s o lu t i o n  model was t e s t e d  f o r  th e  c o r r e l a ­
t i o n  o f  th e  s o l u b i l i t y  d a t a .  The in te rc h a n g e  energy  term  in  th e  e q u a t io n  
was f a i r l y  c o n s ta n t  below 333 K, b u t  i t  became s e n s i t i v e  t o  te m p era tu re  
a t  h ig h e r  t e m p e ra tu re s .  As a r e s u l t ,  i t  was concluded t h a t  th e  s t r i c t l y
r e g u la r  s o lu t i o n  model was n o t  p ro p e r  f o r  th e  p r e s e n t  system s and i t  was
excluded  from th e  c o r r e l a t i o n  work in  t h i s  s tu d y .
3) A c t i v i t y  C o e f f i c i e n t s  o f  T erna ry  Systems.
In  th e  p re v io u s  s e c t i o n ,  i t  was shown t h a t  th e  S c a tc h a rd -H ild e b ra n d  
r e g u la r  s o lu t i o n  model p r e d i c t e d  a c t i v i t y  c o e f f i c i e n t s  o f  s o l i d s  as 
s o lu t e s  w ith  good acc u racy  in  t h e i r  b in a ry  s o lu t i o n s  w ith  p y r id in e  and 
th io p h e n e .  I t  i s  t h e r e f o r e  i n t e r e s t i n g  to  see  w hether th e  S c a tc h a rd -  
H ildebrand  r e g u la r  s o l u t i o n  model s t i l l  can be used f o r  th e  c o r r e l a t i o n
o f  a c t i v i t y  c o e f f i c i e n t s  o f  s o l i d  i n  t e r n a r y  sy s tem s. For th e  c o r r e l a ­
t i o n ,  one needs fo u r  s e t s  o f  e x p e r im e n ta l  d a ta :  s o l u b i l i t y  o f  s o l i d
d a ta  i n  benzene s o l u t i o n ,  s o l u b i l i t y  o f  s o l i d  d a ta  i n  cyclohexane 
s o l u t i o n ,  VLE d a ta  o f  benzene-cyc lohexane  s o lu t i o n  and s o l u b i l i t y  o f  
s o l i d  d a ta  in  mixed s o lv e n t s .
TABLE 6.3
Comparison o f  E xperim en ta l and P re d ic te d  V alues o f  
B inary  Param ete r  £ ^  f ° r  P y r id in e  S o lu t io n s .
Biphenyl
N aphthalene
F luorene
Phenanthrene
Acenaphthene
Experim en ta l
0.0036
0.0036
0.0066
0.0041
0 . 0 1 0 1
C a lc u la te d
0.0036*
0.0036
0.0066*
0.0054
0.0096
* F i t t e d  V alues .
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In  f a c t ,  s o l u b i l i t y  d a ta  o f  th e  f i v e  s o l i d s  i n  t h e i r  b in a ry  
s o lu t i o n s  w ith  b o th  benzene and cyclohexane were r e p o r te d  by McLaughlin 
and Z a in a l  ( 6 ,7 )  as d e s c r ib e d  in  C hapter V. A lso ,  e x te n s iv e  VLE d a ta  
f o r  th e  benzene-cyc lohexane  system was compiled by Gmehling, e t  a l .  ( 8 ) 
and some o f  t h e i r  d a ta  a l r e a d y  has been i l l u s t r a t e d  in  Chapter IV. The 
rem ain ing  r e q u i re d  d a ta  on s o l u b i l i t y  o f  th e  s o l i d  in  th e  mixed s o lv e n ts  
was de term ined  in  t h i s  r e s e a r c h  and g iven  in  t a b l e s  2 .4 ,  2 . 5  and 2 . 6 . 
C onsequen tly ,  a c t i v i t y  c o e f f i c i e n t s  o f  th e  s o l id s  in  t e r n a r y  systems can 
be p r e d i c t e d  by th e  S ca tch a rd -H ild eb ra n d  r e g u la r  s o lu t i o n  th e o ry ,  and 
th e  p r e d i c t e d  v a lu e s  can be compared w ith  th e  a c t i v i t y  c o e f f i c i e n t s  
c a l c u l a t e d  from th e  s o l u b i l i t y  d a ta  in  th e  mixed s o lv e n t s .  For t h i s  
c o r r e l a t i o n ,  th e  fo l lo w in g  conven tion  i s  used.
Benzene (1)
A
S o l id  (2) <■ &  Cyclohexane (3)
A c t i v i t y  c o e f f i c i e n t s  o f  b ip h e n y l ,  n a p h th a le n e ,  f lu o re n e  and
acenaph thene  were c a l c u l a t e d  by u s in g  e q u a t io n  2 .1 4  and o f  phenan th rene
by e q u a t io n  2 .3 5 .  F or  th e  c a l c u l a t i o n  o f  th e  observed  m e l t in g
te m p e ra tu re s  o f  th e  s o l i d  samples were used in s t e a d  o f  th e  l i t e r a t u r e
v a lu e s  g iv e n  in  t a b l e  4 .1 ,  th u s  s a t i s f y i n g  th e  c o n d i t io n  AnX^ ** 0  w h ile
f  fTffi/T  -> 1. For b ip h e n y l ,  new v a lu e s  o f  AS^^ and AC ^  were used in s t e a d
m m
o f  th e  l i t e r a t u r e  v a lu e s  as  e x p la in e d  in  th e  p re v io u s  s e c t i o n .  The 
r e s u l t  o f  th e  c a l c u l a t i o n  i s  g iven  in  t a b l e  6 . 6 .
P r e d i c t i o n  o f  i n t e r n a r y  systems by u s in g  e q u a t io n  2 .62  r e q u i r e s  
v a lu e s  f o r  th e  b in a ry  p a ram e te rs  £ j 2 > ^ 1 3  anc* ^23 eac^ b i n a ry system . 
The p a ram e te rs  £ ^  aD<* ^ 2 3  were e v a lu a te d  from th e  s o l u b i l i t y  d a ta  o f
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McLaughlin and Z a in a l  ( 6 ,7 )  f o r  s o l id -b e n z e n e  and s o l id -c y c lo h e x a n e
system s as  g iven  in  t a b l e s  5 .2  and 5 .4 .  The p a ram e te r  2 ^  was e v a lu a te d
from th e  VLE d a ta  com piled by Gmehling e t  a l .  ( 8 ) f o r  benzene-
cyclohexane system s. From t h e i r  d a t a ,  th r e e  s e t s  o f  i s o th e rm a l  d a ta  a t
298, 313 and 343 K were chosen. The b in a ry  p a ram e te r  2 ^  was th en
e v a lu a te d  by f i t t i n g  th e  18 ex p e r im en ta l  a c t i v i t y  c o e f f i c i e n t s  by
e q u a t io n s  2 . 6 1  and 2 .62  u s in g  th e  s o l u b i l i t y  p a ra m e te rs  and th e  l i q u i d
m olar volumes l i s t e d  in  t a b l e  5 .1 .  An example i s  g iven  i n  t a b l e  6 .4  f o r
th e  c a l c u l a t i o n  o f  2 ^  where th e  s o l u b i l i t y  p a ram e te rs  6  ^ and 6 ^ and th e
£ 2m olar l i q u i d  volumes v^ and v^ g iven  i n  t a b l e  5 .1  a re  u sed .  The f i n a l  
v a lu e s  o f  2 ^ *  a re  g iven in  t a b l e  6 .5 .
Once th e  p a ram e te rs  i n  e q u a t io n  2 .6 4  become a v a i l a b l e ,  c a l c u l a t i o n  
o f  ^  i n t e r n a r y  system  i s  s t r a i g h t f o r w a r d .  The a c t i v i t y  c o e f f i c i e n t s  
^ 2  e v a lu a te d  by e q u a t io n  2 .72  a re  g iven  in  column 4 and d e v ia t io n s  in  
column 5 in  t a b l e  6 . 6 . y^ e v a lu a te d  by e q u a t io n  2 .64  w ith  th e  b in a ry  
p a ram e te rs  i s  g iven  in  column 6  and th e  d e v ia t io n  in  column 7 in  th e  
t a b l e .  The S ca tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  model e q u a t io n  2 .72  
p r e d ic t e d  a c t i v i t y  c o e f f i c i e n t s  o f  s o lu t e s  i n  t e r n a r y  systems w i th  2 . 6  % 
accu racy  on th e  av e rag e  f o r  78 d a ta  p o i n t s .  In  t h i s  c a s e ,  o n ly  th e  
p h y s ic a l  p r o p e r t i e s  o f  th e  p u re  components were used  f o r  th e  p r e d i c t i o n  
by u s in g  th e  f l o a t i n g  datum p o i n t  method. When e q u a t io n  2 .6 4  was used 
w ith  th e  b in a ry  p a ra m e te r s ,  accu racy  o f  p r e d i c t i o n  d id  n o t  improve b u t  
remained a lm o s t th e  same ave rage  v a lu e  w ith  3.3%. One o f  th e  rea so n s  
f o r  th e  l a c k  o f  improvement was t h a t  th e  p u r i t y  o f  th e  samples was n o t  
e x a c t ly  c o n s i s t e n t  between t h a t  o f  McLaughlin and Z a in a l  ( 6 ,7 )  and t h a t  
o f  t h i s  s tu d y .  For n a p h th a le n e ,  however, th e  acc u racy  o f  p r e d i c t i o n  was
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TABLE 6.4
I l l u s t r a t i o n  o f  c a l c u l a t i o n  o f  JL- by u s in g  th e  s o l u b i l i t y  
p a ram e te rs  and th e  molar volumes e v a lu a te d  a t  th e  
m e l t in g  p o in t  o f  N aphtha lene .
Benzene (1)    Cyclohexane (3)
£ 13" 0 .0  Jaj3 =0.0154 £l3=G . 0 £ 13- 0 ' 0154
Temp. Yj
* 1
A Yi A y3 *3 A h A
K exp. c a l c . % c a l c .  % exp. c a l c . % c a lc . %
70 mole % Benzene and 30 mole % Cyclohexane
2 9 8 ^  1.049 1.014 3 .3 1.051 0 .2  1.253 1.065 15.0 1.252 0 . 0
3 1 3 ^  1.058 1.013 4 .3 1.049 0 . 8  1.229 1.061 13.6 1.238 0.7
343(c)  1.035 1 . 0 1 2 2 . 2 1.045 0 .9  1.199 1.056 11.9 1.215 1.9
50 mole % Benzene and 50 mole % Cyclohexane
2 9 8 ^  1.135 1.036 8.7 1.137 0 .2  1.114 1.030 7.5 1 . 1 1 1 0 .3
313(b) 1.146 1.035 9 .6 1.130 1 .4  1.088 1.028 5 .5 1.106 1 . 6
3 4 3 ^  1.099 1.032 6 . 1 1.118 1.7 1.095 1.026 6 .3 1.096 0 . 0
30 mole % Benzene and 70 mole % Cyclohexane
2 9 8 ^  1.262 1.067 15.5 1.263 0 .0  1.037 1 . 0 1 0 2 . 6 1.036 0 . 0
313(b) 1.255 1.064 15.2 1.249 0 .5  1.023 1.009 1.4 1.034 1 . 0
3 4 3 ^  1 . 2 0 1 1.025 14.7 1.225 1.9 1.033 1.008 2 .4 1.031 0 . 2
(a )  T as ic  e t  a l .  (10)
(b) M it ta  and B hattacha ryya  (11)
(c )  S usarev  and Chen (12)
TABLE 6.5
B inary  Param eters  Used in  E qua tion  2 .6 2 .
B enzene(l)  Cyclohexane(3) B enzene(l)  
S o l id s ( 2 )  S o l id s ( 2 )  Cyclohexane(3)
Biphenyl -0 .0007 0.0106 0.0150
N aphthalene -0 .0033 0.0031 0.0154
F luo rene -0 .0005 0 . 0 1 1 1 0.0170
P henan th rene -0 .0024 0.0073 0 . 0 1 6 0
Acenaphthene 0.0044 0.0136 0.0157
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TABLE 6.6
Comparison o f th e E xperim enta l and th e  P re d ic te d A c t i v i t y
C o e f f i c i e n t s o f  Aromatic Hydrocarbon S o l id s in
t h r e e  Mixed S o lv e n t s .
Temp. (X2 )exp ( v 2 ) e x P • Eq. 2 .72 Eq. 2 .64
K (y 2 ) c a l , A
%
(y2 ) c a l .
B iphenyl in m ix tu re  o f 70 mole % Benzene and 30 mole % Cyclohexane
290.1 0.2843 1.168 1.189 1 . 8 1.190 1
300.7 0.3846 1 . 1 0 2 1.119 1.5 1 . 1 2 0  1
306.6 0.4484 1.077 1.087 0 .9 1.088 1
314.4 0.5491 1.040 1.051 1 . 1 1.051 1
323.4 0.6784 1.014 1.023 0 .9 1.023 0
Biphenyl in a m ix tu re  o f  50 mole % Benzene and 50 mole % Cyclohexane
290.3 0.2524 1.322 1.297 1.9 1.345 1
298.5 0.3304 1 . 2 2 1 1.209 1 . 0  . 1.241 1
307.7 0.4376 1.131 1.126 0 .4 1.145 1
313.9 0.5274 1.072 1.080 0 .7 1.091 1
323.4 0.6672 1.027 1.034 0 .7 1.039 1
324.8 0.6953 1.018 1.028 1 . 0 1.031 1
Biphenyl in a m ix tu re o f 30 mole % Benzene and 70 mole % Cyclohexane
296.9 0.2704 1.438 1.355 5 .8 1.469 2 . 1
302.8 0.3361 1.322 1.264 4 .4 1.346 1 . 8
308.9 0.4182 1.214 1.181 2 .7 1.234 1 . 6
313.2 0.4857 1.146 1.130 1.4 1.167 1 . 8
319.3 0.5826 1.085 1.076 0 . 8 1.098 1 . 2
325.8 0 .6990 1.033 1.035 0 . 2 1.045 1 . 1
N aphthalene in  a m ix tu re  o f  70 mole % Benzene and 30 mole % Cyclohexane
299.5  0 .2844 1.183 1.287 8 . 8  1.212 2 .4
312.5 0.4045 1 . 1 2 0  1 .170 4 .5  1.128 0 .7
321.4  0.5071 1.081 1.105 2 .2  1.079 0 .1
334.2  0 .6854 1.034 1.037 0 .3  1.028 0 .5
337.8  0.7417 1.025 1.023 0 .2  1.018 0 .6
N aphthalene i n  a m ix tu re  o f  50 mole % Benzene and 50 mole % Cyclohexane
302.8  0 .2850 1.276 1.370 7 .4  1.309 2 .5
313.1  0.3891 1.179 1.237 4 .9  1.200 1.7
318.5  0 .4520 1.141 1.178 3 .2  1.151 0 .8
326 .5  0 .5598 1.087 1.103 1 .4  1.088 0 . 1
329.6  0.6047 1.071 1.080 0 .8  1.069 0 .1
340.6  0 .7848 1.021 1.021 0 .0  1.018 0 .2
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Temp.
K
(X2 )exp . (y2 )exp. Eg. 2 .72
(y2 ) c a l . A
%
Eg. 2 .64
(Y2 ) c a l . A
%
N aphthalene i n  a m ix tu re  o f  30 mole % Benzene and 70 mole % Cyclohexane
297.0 0.2041 1.553 1.648 6 . 1 1.612 3 .7
311.7 0.3400 1.310 1.366 4 .2 1.347 2 . 8
323.4 0.4931 1.159 1.183 2 . 0 1.175 1.4
325.9 0.5308 1.133 1.152 1.7 1.145 1 . 0
339.1 0.7535 1.034 1.035 0 . 1 1.034 0 . 0
F lu o ren e  in a m ix tu re o f 70 mole % Benzene and 30 mole % Cyclohexane
311.5 0.1596 1.429 1.501 5 .0 1.508 5 .5
330.2 0.2777 1.257 1.288 2 .5 1.292 2 . 8
339.7 0.3603 1.181 1.198 1.4 1.199 1.5
346.7 0.4353 1.124 1.137 1 . 2 1.138 1 . 2
356.4 0.5477 1.074 1.075 0 . 1 1.076 0 . 2
F lu o ren e  in a m ix tu re o f 50 mole % Benzene and 50 mole % Cyclohexane
316.9 0.1558 1.664 1.656 0 .5 1.735 4 .3
331.8 0.2548 1.417 1.412 0 .4 1.458 2 .9
343.0 0.3643 1.249 1.249 0 . 0  . 1.274 2 . 0
351.3 0.4636 1.153 1.153 0 . 0 1.167 1 . 2
359.2 0.5730 1.080 1.085 0 .5 1.093 1 . 2
F lu o ren e  in a m ix tu re o f  30 mole % Benzene and 70 mole % Cyclohexane
319.5 0.1346 2.045 1.906 6 . 8 2.138 4 .5
327.3 0.1809 1.813 1.723 5 .0 1.899 4 .7
342.0 0.3111 1.433 1.397 2 .5 1.482 3 .4
350.5 0.4192 1.257 1.239 1 .4 1.287 2 .4
359.1 0.5471 1.129 1.124 0 .4 1.147 1 . 6
Phenanthrene in  a m ix tu re i o f  70 mole % Benzene 30 mole % Cyclohexane
307.8 0.2041 1.565 1.742 11.3 1.669 6 .9
314.5 0.2567 1.434 1.565 9.1 1.513 5 .7
324.4 0.3521 1.275 1.349 5 .8 1.319 3 .4
351.4 0.6910 1.050 1.047 0 .3 1.044 0 . 6
362.5 0 .8556 1.005 1.009 0 .4 1.008 0 .3
P enan th rene in  a m ix tu re  o f  50 mole % Benzene and 50 mole % Cyclohexane
305 .2 0 .1503 2.009  2.263 1 2 . 6 2.239 11.7
318.5 0 .2503 1.596 1.739 8 .9 1.276 8 . 2
327.1 0.3415 1.386 1.465 5 .7 1.458 5 .5
343 .4 0.5629 1.132 1.142 0 .9 1.140 0 .7
360.7 0 .8177 1.024 1.018 0 . 6 1.018 0 . 6
P henan threne in  a m ix tu re o f  30 mole % Benzene and 70 mole % Cyclohexane
312.1 0.1469 2 .383  2.587 8 . 6 2.722 14.5
320.1 0 .2123 1.944 2.108 8 .4 2.194 13.1
326.7 0 .2800 1.677 1.779 6 . 1 1.835 9 .7
353.6 0.7018 1.070 1.068 0 . 2 1.072 0 . 2
360.5 0 .8147 1.025 1.023 0 . 2 1.025 0 . 0
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Temp. (X2 )exp . (Y2 )exp . Eq. 2. 72 Eq. 2. 64
K (Y2 ) c a l . A (Y2 ) c a l .  
%
A
%
Acenaphthene i n  a m ix tu re of 70 mole % Benzene and 30 mole % Cyclohexane
312.6 0.2467 1.237 1.255 1.5 1.348 8 .9
319.5 0.3050 1.185 1.198 1.1 1.269 7 .0
333.1 0.4545 1.097 1 . 1 0 0 0 .2  1.134 3 .3
338.4 0.5240 1.070 1.070 0 .0  1.094 2 . 2
344.4 0.6148 1.040 1.042 0 .1  1.055 1.4
Acenaphthene in  a m ix tu re  o f  50 mole % Benzene and 50 mole % Cyclohexane
314.3 0.2400 1.324 1.349 1.9 1.488 12.3
325.7 0.3459 1.215 1 . 2 2 0 0 .4  1.302 7 .2
333.0 0.4347 1.147 1.147 0 .0  1.199 4 .5
343.0 0.5815 1.062 1.069 0 . 6  1.092 2 . 8
350.1 0.7010 1.027 1.031 0 .4  1.042 1.5
Acenaphthene in  a m ix tu re o f 30 mole % Benzene and 70 mole % Cyclohexane
303.8 0.1333 1.819 1.709 6 . 0  2 .086 14.6
314.4 0.2015 1.577 1.523 3 .4  1.782 13.0
325.1 0.3032 1.367 1.338 2 .1  1.491 9 .0
333.3 0.4059 1.232 1.214 1 .8  ‘ 1.305 5 .9
339.8 0.5084 1.137 1.131 0 .5  1.184 4.1
s i g n i f i c a n t l y  improved, when th e  b in a ry  p a ram e te rs  were u sed ,  c o n t ra ry  
to  th e  o th e r  s o l i d s .  The a c t i v i t y  c o e f f i c i e n t  o f  n a p h th a le n e ,  f o r  
exam ple, was p r e d i c t e d  w ith  3 % average accu racy  by e q u a t io n  2 .72  w hile  
i t  was p r e d ic te d  w ith  1.1% average  accu racy  by e q u a t io n  2 .6 4 .  In  t h i s  
c a se ,  th e  improvement was p o s s i b l e  because  th e  p u r i t y  o f  n ap h th a len e  in  
bo th  s tu d ie s  was i d e n t i c a l ;  th e  observed m e l t in g  te m p era tu re  o f  th e  
sample in  t h i s  r e s e a rc h  was 352 .8  K w h ile  i t  was 353.1 K in  th e  e x p e r i ­
ments o f  McLaughlin and Z a in a l .  For o th e r  s o l i d s ,  on th e  o th e r  hand, 
th e r e  were w ider i n c o n s i s t e n c i e s  i n  th e  observed  m e lt in g  te m p era tu re s  o f  
th e  samples between th e  two ex p er im en ts ,  and t h i s  f a c t  should  have 
a f f e c t e d  th e  v a lu e s  o f  2 ^  an<  ^ ^ 2 3  w^ en th e y  were e v a lu a te d  from t h e i r  
s o l u b i l i t y  d a t a .  T h e re fo re  i t  i s  s t i l l  b e l ie v e d  t h a t  e q u a t io n  2 .64  
could improve th e  acc u racy  o f  p r e d i c t i o n  i f  th e  p u r i t y  o f  th e  samples 
was i d e n t i c a l .
4) G e n e r a l iz a t io n  o f  S o l id  S o l u b i l i t y  D ata .
I t  was shown by McLaughlin and Z a in a l  ( 4 ,5 ,7 )  t h a t  t h e i r  s o l u b i l i t y  
d a ta  o f  s o l i d s  f o r  th e  same s e r i e s  o f  a ro m a tic  hydrocarbons could  be 
g e n e ra l iz e d  f o r  each o f  th e  s o lv e n t s  benzene, carbon t e t r a c h l o r i d e  and 
cyclohexane when -logX^ was p l o t t e d  as a f u n c t io n  o f  T^/T. The s o lu ­
b i l i t y  d a ta  i n  t a b l e s  2 .2  to  2 .6  a re  p l o t t e d  in  th e  same f a s h io n  in  
f i g u r e s  6 .3  to  6 .7 .  The s o l i d  l i n e s  in  th e  f i g u r e s ,  which a r e  o b ta in e d  
by a l e a s t  sq u a re s  f i t  o f  th e  d a ta  s u b je c t  t o  p a s s in g  th rough  th e  p o in t  
( 0 , 1 ) ,  can be ex p re s se d  ap p ro x im a te ly  by e q u a t io n  6 .4  o b ta in e d  from 
e q u a t io n  2 .14  by d ropp ing  th e  s m a l le r  te rm s.
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a  N a p h th a le n e  
•  P h enan th rene  
a  F lu o ren e  
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▼ P y r e n e
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Figure 6.5 Generalization of the Solubility of Solids
in a Mixture of 70 mole % Benzene and
30 mole % Cyclohexane.
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Figure 6■6 Generalization of the Solubility of Solids
in a Mixture of 50 mole % Benzene and 50
mole % Cyclohexane.
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Figure 6.7 Generalization of the Solubility of Solids
in a Mixture of 30 mole % Benzene and 70
mole % Cyclohexane.
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The magnitude o f  AS in  e q u a t io n  6 .3  can be used to  compare n o n - i d e a l i t y
o f  th e  s o l u b i l i t y  o f  s o l i d s  i n  d i f f e r e n t  s o lv e n t s .  The l i n e s  i n  f i g u r e s
6*3 to  6*7 y i e l d  5 0 .8 0 3 ,  49 .819 , 60 .833 ,  65.719 and 74.492 J  mol_1K-1 f o r  
£
AS i n  th e  s o lu t i o n s  w ith  p y r id i n e ,  th io p h e n e ,  a m ix tu re  o f  70 mole %
benzene and 30 mole % cyc lohexane ,  a m ix tu re  o f  50 mole % benzene and 50
mole % cyclohexane and a m ix tu re  o f  30 mole % benzene and 70 mole %
cyclohexane . McLaughlin and Z a in a l  ( 6 ,7 ,9 )  o b ta in e d  5 7 .7 7 8 ,  66.570 and 
-1  -1  £101.739 J  mol K f o r  AS in  s o lu t i o n s  w ith  benzene , carbon t e t r a ­
c h lo r id e  and cyclohexane ,  r e s p e c t i v e l y .  T h e re fo re ,  n o n - i d e a l i t y  
i n c re a s e s  i n  s e q u e n t i a l  o rd e r  i n  th io p h e n e ,  p y r id i n e ,  benzene , a m ix tu re  
o f  70 mole % benzene and 30 mole % cyc lohexane , a m ix tu re  o f  50 mole % 
benzene and 50 mole % cyclohexane ,  carbon t e t r a c h l o r i d e ,  a m ix tu re  o f  30 
mole % benzene and 70 mole % cyclohexane and cyclohexane .
Comparing th e  n o n - i d e a l i t y  o f  s o l i d s  in  p y r id in e  and in  th io p h e n e ,  
one can n o t i c e  t h a t  th e  d i f f e r e n c e  between th e  n o n - i d e a l i t i e s  f o r  th e  
two s o lu t i o n s  i s  r a t h e r  s m a l l ,  even though p y r id in e  i s  a s ix  membered 
and th io p h en e  a f i v e  membered r in g  compound. The s o lv e n t s  c o n ta in in g  a 
he te roa tom  such as N o r  S in  t h e i r  m olecu le  form s o lu t i o n s  conforming 
c l o s e r  t o  i d e a l  b e h a v io r  th a n  th e  s o lv e n t s  c o n ta in in g  o n ly  homogeneous 
atom such as benzene , when th e y  d i s s o lv e  a ro m a tic  hydrocarbon  s o l i d s .
N o n - id e a l i ty  o f  th e  s o l i d s  i n  t h e i r  t h r e e  mixed s o lv e n t s  in c r e a s e s  
a s  th e  c o n c e n t r a t i o n  o f  cyclohexane in c r e a s e s .  T h is  r e s u l t  can be 
e x p e c te d ,  however, i f  one examines e q u a t io n s  2 .75  and 2 .7 6 .  For a g iven  
v a lu e  o f  (J»0 , approaches  6^ w h ile  volume f r a c t i o n  o f  cyclohexane 
in c r e a s e s  i n  e q u a t io n  2 .7 6 .  A cco rd in g ly ,  Y2  a t e r n a r y  s o lu t i o n
approaches  th e  cyclohexane s o l u t i o n  as  c o n c e n t r a t i o n  o f  c y c lo ­
hexane in  th e  s o lv e n t  m ix tu re  i n c r e a s e s .
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G e n e r a l iz a t io n  o f  th e  s o l i d  s o l u b i l i t y  d a ta  i n  each  s o lv e n t  i s  
p o s s i b l e  due to  two f a c t s .  F i r s t ,  th e  s o l i d s  s tu d ie d  i n  t h i s  r e s e a r c h  
show s i m i l a r  en tro p y  changes o f  f u s io n  ran g in g  from 44 to  59 J  mol 
Secondly , th e y  have ap p ro x im a te ly  th e  same o rd e r  o f  m agnitude o f  A6, th e  
d i f f e r e n c e  in  s o l u b i l i t y  p a ram e te rs  6^ and e i t h e r  6^ o r  6q . As a r e s u l t ,  
s o l u b i l i t y  o f  a s o l i d  i n  any o f  th e  two pu re  s o lv e n t s  and t h r e e  mixed 
s o lv e n t s  can be ap p ro x im ate ly  p r e d i c t e d  from th e  co r re sp o n d in g  f i g u r e  i f  
and 5^ new s o l i d  a r e  s im i l a r  to  th o se  o f  th e  s o l i d s  s tu d ie d
m
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CHAPTER VII.
C onclusion
The s o l u b i l i t i e s  o f  e i g h t  a ro m a tic  h y d ro ca rb o n s ,  b ip h e n y l ,  n ap h th a ­
le n e ,  p h en a n th re n e ,  f lu o r e n e ,  acen ap h th en e ,  p y re n e ,  f lu o ra n th e n e  and 
o - te rp h e n y l  a r e  measured in  two pu re  s o lv e n t s  p y r id in e  and th iophene  
and in  t h r e e  b in a ry  mixed s o lv e n t s  a m ix tu re  o f  70 mole % benzene and 30 
mole % cyc lohexane ,  a m ix tu re  o f  50 mole % benzene and 50 mole % 
cyc lohexane , and a m ix tu re  o f  30 mole % benzene and 70 mole % c y c lo ­
hexane. The s o l u b i l i t y  d a ta  a re  used t o  c a l c u l a t e  th e  a c t i v i t y  c o e f ­
f i c i e n t s  o f  th e  f i r s t  f i v e  s o l i d s  i n  th e  s o lu t i o n s  w ith  th e  two pure  
and th r e e  mixed s o lv e n t s .  These e x p e r im e n ta l ly  o b ta in e d  a c t i v i t y  c o e f ­
f i c i e n t s  a r e  compared w ith  th e  a c t i v i t y  c o e f f i c i e n t s  c a l c u la te d  by th e  
S ca tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  th e o ry .  The s o l u b i l i t y  pa ram ete rs  
in  th e  e q u a t io n s  f o r  r e g u la r  s o l u t i o n  th e o ry  a re  e v a lu a te d  by th e  
f l o a t i n g  datum p o in t  method d ev ised  by th e  a u th o r .  With t h i s  method, 
r e g u la r  s o l u t i o n  th e o ry  p r e d i c t s  th e  a c t i v i t y  c o e f f i c i e n t s  o f  th e  s o l id s  
on average  t o  w i th in  two p e r c e n t  i f  th e  b in a ry  p a ra m e te rs  a re  used in  
th e  r e g u la r  s o l u t i o n  e q u a t io n .  To e v a lu a te  th e  b in a ry  p a ra m e te rs ,  one 
s o l u b i l i t y  datum p o in t  i s  needed f o r  each  b in a ry  p a i r .  When th e  b in a ry  
p a ram e te r  i s  n o t  u sed ,  th e  r e g u la r  s o l u t i o n  th e o ry  s t i l l  p r e d i c t s  th e  
a c t i v i t y  c o e f f i c i e n t s  o f  th e  s o l i d s  t o  w i th in  fo u r  p e r c e n t  on av e ra g e ,  
b u t  we have a g e n e ra l  t r e n d  i n  t h a t  th e  p r e d i c t i o n  becomes p o o re r  a s  th e  
system  tenq>erature d e p a r t s  f a r t h e r  from th e  m e l t in g  te m p era tu re  o f  
s o l u t e s .
1Q4
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The phase t r a n s i t i o n  o f  phenan th rene  a f f e c t s  th e  s o l u b i l i t y  o f  th e  
s o l i d  as  p r e d i c t e d  by th e  s o l u b i l i t y  e q u a t io n  2 .35  which was d e r iv e d  
from thermodynamic th e o ry .  S o l u b i l i t y  o f  th e  s o lu t e  i n  p y r id i n e ,  f o r  
example, was p r e d i c t e d  by th e  e q u a t io n  w ith  an average  accu racy  o f  0 .8  % 
f o r  10 d a ta  p o i n t s .
The s o l i d  s o l u b i l i t y  i s  g e n e ra l iz e d  by p l o t t i n g  th e  lo g a r i th m  of  
s o l i d  com position  as  a f u n c t io n  o f  th e  d im en s io n le ss  te m p e ra tu re ,  Tm/T , 
as  a l re a d y  dem onstra ted  by McLaughlin and Z a in a l  ( 1 ,2 ,3 )  f o r  th e  
s o lu t i o n s  w ith  benzene, carbon t e t r a c h l o r i d e  and cyclohexane . The 
s o l u b i l i t y  o f  s o l i d  d a ta  i n  t h i s  r e s e a r c h  a r e  g e n e ra l iz e d  in  th e  same 
fa s h io n .  The s lo p e  o f  th e  g e n e ra l iz e d  s o l u b i l i t y  l i n e  i n d i c a t e s  th e  
q u a l i t a t i v e  degree  o f  d e v i a t i o n  from id e a l  s o l u b i l i t y .  Judged by t h i s  
c r i t e r i a ,  th e  n o n - i d e a l i t y  in c r e a s e s  in  s e q u e n t i a l  o rd e r  i n  th io p h e n e ,  
p y r id in e ,  benzene , carbon  t e t r a c h l o r i d e  and cyclohexane. The s lo p e  o f  
th e  s o l u b i l i t y  d a ta  in  th e  s o lu t io n s  w ith  t h r e e  mixed s o lv e n ts  o f  
benzene and cyclohexane in c r e a s e s  as  th e  c o n c e n t r a t io n  o f  cyclohexane 
i n c r e a s e s .  The n o n - i d e a l i t y  o f  th e  s o lu te s  l i e s  between th o se  o f  th e  
two b in a ry  s o lu t i o n s  one w i th  benzene and th e  o th e r  w i th  cyclohexane.
The most f r u i t f u l  r e s u l t s  o f  t h i s  r e s e a r c h  a re  th e  s u c c e s s f u l  
p r e d i c t i o n  o f  th e  s o l u b i l i t y  o f  p h enan th rene  in  l i q u i d s  and o f  th e  
a c t i v i t y  c o e f f i c i e n t s  o f  th e  n o n -p o la r  s o l i d s  i n  n o n -p o la r  l i q u i d s . The 
e f f e c t  o f  a lambda p o in t  t r a n s i t i o n  in  s o l i d  phase  on th e  s o l u b i l i t y  o f  
a s o l i d  has n o t  y e t  been  s tu d ie d .  The r e s u l t  o f  t h i s  r e s e a r c h  shows 
t h a t  such an e f f e c t  can be a c c u r a t e l y  p r e d ic te d  by e q u a t io n  2 .3 5 .  Many 
r e s e a r c h e r s  ( 4 ,5 , 6 ,7 )  have a t te m p te d  to  c o r r e l a t e  th e  s o l u b i l i t y  d a ta  o f  
such p o ly c y c l i c  a ro m a tic  hydrocarbon  s o l i d s  as  employed in  t h i s  s tu d y  in  
n o n -p o la r  s o lv e n t s  by u s in g  th e  S ca tc h a rd -H ild e b ra n d  r e g u la r  s o l u t i o n  
th e o ry .  The q u e s t io n ,  however, has  been th e  method o f  e v a lu a t in g  th e
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s o l u b i l i t y  p a ram e te r  o f  th e  s o l i d  components. The r e s u l t  o f  t h i s  
r e s e a r c h  c l e a r l y  su g g e s ts  t h a t  t h e  f l o a t i n g  datum p o in t  method i s  th e  
most e f f i c i e n t  method to  s o lv e  t h i s  problem.
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CHAPTER V III  
I n t r o d u c t io n
In  t h i s  p a r t  o f  th e  r e s e a r c h ,  th e  s o l u b i l i t i e s  i n  w a te r  o f  two 
gases  and CH  ^ a r e  to  be measured a t  p r e s s u r e s  up t o  101.3 MPa a t  
323 and 373 K. S o l u b i l i t i e s  o f  gases  in  l i q u i d s  have been e x t e n s iv e ly  
i n v e s t ig a t e d  (1 -4 )  a t  m oderate  p r e s s u r e s  and te m p e ra tu re s .  For th e  
s o l u b i l i t i e s  o f  p u re  gases  i n  w a te r  a t  h ig h  p r e s s u r e s ,  however, 
p u b l i sh e d  d a ta  a re  n o t  abundan t.  For th e  CH^ -H^O system , C ulberson  e t  
a l .  (5 ,6 )  measured th e  s o l u b i l i t y  o f  methane i n  w a te r  a t  p r e s s u r e s  up to
68.9  MPa a t  te m p e ra tu re s  o f  298 to  444 K, O 'S u l l iv a n  and Smith (7) up 
to  60 .8  MPa a t  323 to  398 K, S u ltanov  e t  a l .  (8) up t o  100.2 MPa a t  
423 to  633 K, and P r i c e  (9) up to  152 MPa a t  427 to  627 K. The 
s a t u r a t i o n  com position  o f  CH  ^ in  th e  gas phase  i n  e q u i l ib r iu m  w ith  
l i q u i d  w a te r  was de term ined  by Olds e t  a l .  (1 0 ,1 1 )  a t  p r e s s u r e s  up to
68 .9  MPa a t  te m p e ra tu re s  o f  310 .7  t o  510 .8  K, and by _Rigby and 
P r a u s n i tz  (12) up to  9 .3  MPa a t  298 to  373 K. For th e  N2 -  H20 
system , Wiebe (13) r e p o r te d  th e  s o l u b i l i t y  o f  N2 i n  w a te r  a t  p r e s s u r e s  
up t o  101.3 MPa a t  te m p e ra tu re s  o f  298, 323 and 348 K, O’S u l l i v a n  and 
Smith (7) up to  60 .8  MPa a t  323 to  398 K, T s i k l i s  and M aslennikova 
(14) up to  354 .6  MPa a t  603 and 638 K, and S add ing ton  and Krase (15) 
up to  30 .4  MPa a t  323 to  513 K. Gaseous phase  com position  o f  th e  
system  a t  s a t u r a t i o n  was measured by S add ing ton  and Krase (15) a t  
p r e s s u r e s  up to  3 0 .4  MPa a t  te m p e ra tu re s  o f  323 to  503 K, by Rigby and 
P r a u s n i t z  (12) up t o  10.1 MPa a t  298 t o  373 K, and by B a r t l e t t  (16) up 
to  101.3 MPa a t  323 K.
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K richevsky  and K asarnovsky (17) c o r r e l a t e d  th e  s o l u b i l i t y  d a ta  o f  
i n  w a te r ,  which were re p o r te d  by Wiebe e t  a l .  (1 3 ) ,  by u s in g  th e  
K richevsky  -K asarnovsky e q u a t io n .  The e q u a t io n  had been shown to  c o r ­
r e l a t e  th e  s o l u b i l i t y  o f  s p a r in g ly  s o lu b le  g ases  i n  l i q u i d s  v e ry  w e l l .  
L a t e r ,  K richevsky  and I l i n s k a y a  (18) n o t i c e d  t h a t  th e  t r u e  p a r t i a l  molar 
volume o b ta in e d  by d i l a t o m e t r i c  ex p e r im en ta l  d a ta  d id  n o t  conform t o  th e  
a p p a re n t  v a lu e s  o b ta in e d  by th e  K richevsky-K asarnovsky e q u a t io n  from a 
p l o t  o f  th e  s o l u b i l i t y  d a t a .  I t  was th o u g h t  t h a t  th e  in c o n s i s t e n c i e s  
were caused  by th e  n o n - id e a l  b e h a v io r  o f  s o lu t e  m olecu les  i n  th e  
s o lu t i o n .  They th u s  added th e  a c t i v i t y  c o e f f i c i e n t  t o  th e  K richevsky- 
K asarnovsky e q u a t io n ,  l e a d in g  to  th e  K r ic h e v s k y - I l in s k a y a  e q u a t io n .  
This e q u a t io n  was proved  good f o r  gas s o l u b i l i t y  i n  l i q u i d s ,  m ain ly  f o r  
non-aqueous system s (1 9 ) .  L a t e r ,  Namiot (20) showed t h a t  th e  i n c o n s i s ­
t e n c i e s  were n o t  caused  by th e  n o n - i d e a l i t y  b u t  by n e g l e c t  o f  th e  
c o m p r e s s ib i l i t y  on th e  p a r t i a l  m olar volume o f th e  s o lu t e  gas i n  w a te r  
f o r  th e  system s N,, -  H^O and CH  ^ a t  298 K. O 'S u l l iv a n  and Smith
(7) reached  a s i m i l a r  c o n c lu s io n  when th e y  ana lyzed  th e  s o l u b i l i t y  da ta
o f  N_ and CH. i n  w a te r  a t  375.5 and 398 K.2 4
Most o f  t h e i r  c o r r e l a t i o n s ,  however, were made under th e  assum ption  
t h a t  th e  gaseous phase was p u re .  This  assum ption  would be v a l i d  only  
when th e  s o l u t i o n  te m p e ra tu re  was n o t  h ig h  and th e  vapo r  p r e s s u r e  o f  th e  
s o lv e n t  was n e g l i g i b l e  compared to  th e  system  p r e s s u r e .  At h ig h e r  
t e m p e ra tu re s  where vapo r  p r e s s u r e  o f  th e  s o lv e n t  becomes s i g n i f i c a n t ,  
n o t  on ly  i s  th e  s o lu t e  d is s o lv e d  i n  th e  l i q u i d  b u t  a l s o  s o lv e n t  i s  
p r e s e n t  i n  t h e  g a s .  For g a s -w a te r  system s a t  p r e s s u r e s  h ig h e r  th a n  10.1 
MPa, com position  o f  w a te r  vapo r  i n  th e  gaseous phase  may be com ple te ly  
n e g le c te d  a t  te m p e ra tu re s  below 323 K b u t ,  a t  h ig h e r  te m p e ra tu r e s ,  w a te r
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content cannot be neglected. Accordingly, composition of the gaseous 
phase must be available for more accurate evaluation of fugacity of the 
solute. Composition of both gaseous and liquid phases are, therefore, 
to be determined in this research. Also, various methods for the 
evaluation of the gaseous phase fugacity are to be tested. In addition, 
models for the estimation of Henry’s law constants and partial molar 
volumes will be tested by comparing predicted and experimental values. 
If the Krichevsky-Ilinskaya equation has to be used, constants in the 
activity coefficient equation will be evaluated.
The goal of this study is to find the proper methods which will 
allow prediction of the solubility of permanent gases in water with the 
minimum amount of experimental data.
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CHAPTER IX
Theory
1) Solubility of Gases in Liquids
For component i to be in equilibrium between gaseous and liquid 
phases, its fugacity in both phases must be the same.
f? = f? (9.1)i i  '
The fugacity of component i in the gaseous phase f? can be expressed by
f? = y ^ P  (9.2)
£
and fugacity in the liquid phase f^ by 
9 nO
fi = *iXifi (9-3)
For a component whose critical temperature is lower than the system
£
temperature, the equation for f^ may be written in the unsymmetric 
convention.
Ps
fi = T P A 1 (9*4)
In equations 9.3 and 9.4, y^ is the activity coefficient for the 
symmetric normalization defined by
y. 1 as X, + 1  (9.5)* i i
and y? for unsymmetric normalization
y? •* 1 as X£ •* 0 (9.6)
Between y^ and y?, we have a relationship (1)
£ny£ = Jfcny. - £im Eny. (9.7)
1 1 X.+O 1
X*=0
J
j*i
3*1
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where component 1 s ta n d s  f o r  s o lv e n t  and i  and j  f o r  th e  s o lu t e  g a se s .  
For s o l u t e  2 i n  a b in a ry  system , y |  d e f in e d  by th e  tw o - s u f f ix  M argules 
e q u a t io n  can be w r i t t e n
RTitny* = W12( X j - l )  (9 .8 )
and f o r  s o lu t e s  2 and 3 i n  a t e r n a r y  system .
RTAny* = W12{X1 Cl-X2) - l }  + W23X3 (1-X2) -  W ^ X ^  (9 .9 )
RT2ny* = W ^ t X j d - X ^ - l J  + W23X2(1-X3) -  W ^ X ^  (9 .1 0 )
D e r iv a t io n  o f  e q u a t io n s  9 .8  to  9 .10  i s  g iven  in  appendix  1.
S o l u b i l i t y  o f  gases  i n  l i q u i d s  a t  low p r e s s u r e s  may be c a l c u l a t e d  
by u s in g  th e  r e l a t i o n s h i p s  g iven  by e q u a t io n  9 .1  and
2y. = 1 (9 .1 1 )
ZXi  = 1  (9 .1 2 )
v P1i f  <j>^ , y^ , y |  and i n  eq u a t io n s  9 .2  t o  9 .4  and v a lu e s  o f  as many
in t e n s iv e  p r o p e r t i e s  as  r e q u i r e d  by th e  G ib b 's  phase  r u l e  a re  known. A
b in a ry  system  a t  e q u i l ib r iu m ,  f o r  example, has two d eg ree s  o f  freedom
a c c o rd in g  to  th e  G ib b 's  phase  r u l e
F = C + 2 -  n  (9 .1 3 )
where F , C and 71 s ta n d  f o r  numbers o f  d eg rees  o f  freedom, components and
p h a s e s .  A cco rd in g ly ,  i f  two i n t e n s i v e  p r o p e r t i e s ,  f o r  example,
te m p e ra tu re  and p r e s s u r e  o f  th e  system  a re  g iv e n ,  fo u r  o th e r  p r o p e r t i e s
y^ ,  y 2> Xj and x2 can be o b ta in e d  by s o lv in g  s im u l ta n e o u s ly  th e  fo u r
e q u a t io n s ,  two from e q u a t io n  9 .1  and e q u a t io n s  9 .11  and 9 .1 2 .
The main d i f f i c u l t y  i n  p r e d i c t i n g  s o l u b i l i t y  o f  g ases  i n  l i q u i d s  a t  
h ig h  p r e s s u r e s  by th e  method e x p la in e d  above l i e s  i n  th e  f a c t  t h a t  th e  
f u g a c i ty  c o e f f i c i e n t s  o f  th e  components i n  th e  gaseous m ix tu re s  a r e  n o t  
r e a d i l y  e v a lu a te d ,  e s p e c i a l l y  a t  p r e s s u r e  above 6 8 .9  MPa. At 
te m p e ra tu re s  a t  which th e  vapor p r e s s u r e  o f  t h e  s o lv e n t  i s  n o t  h ig h ,
however, f u g a c i ty  o f  a s o lu t e  gas i n  th e  gaseous m ix tu re  may be 
e v a lu a te d  assuming e i t h e r  t h a t  th e  gaseous phase i s  f r e e  o f  s o lv e n t  
vapo r  o r  t h a t  th e  Lewis and R anda ll  f u g a c i ty  r u l e  can be used  ( 2 ,3 ) .  In  
t h a t  c a s e ,  one may use  e q u a t io n  9 .4  t o  c a l c u l a t e  o f  a s o l u t e .  To 
o b ta in  an e x p l i c i t  e x p re s s io n  f o r  x^ , we s t a r t  w ith  th e  e q u a t io n  which 
d e f in e s  th e  dependence o f  f u g a c i ty  on p r e s s u r e  (1 ) .
8 fin f . v .
( -gjr— )TjX = ry (9.14)
I n t e g r a t i o n  o f  t h i s  e q u a t io n  from a r e f e r e n c e  p r e s s u re  Pr  to  th e  system 
p re s s u re  P le a d s  to
finf? -  f i n f ^  = f r  Jjj dP (9 .1 5 )
pr
In  e q u a t io n  9 .1 5 ,  f^  i s  th e  f u g a c i ty  o f  component i  a t  th e  r e f e r e n c e  
p r e s s u r e  Pr  g iven  by
Pr  Pr  P 1
f i  = W  Xi Hi  ( 9 ' 16)
Combining e q u a t io n s  9 .15  and 9 .16  y i e ld s
fP pS r /*P v
fin ^  = AnH^ + £ n y |p r  + J r  ^  dP (9 .1 7 )
r  PrThe advan tage  o f  d e f in in g  y? a t  th e  r e f e r e n c e  p r e s s u r e  P i s  t h a t  y£
i s  dependen t on ly  on com position  and , th u s ,  i t  i s  p o s s i b l e  to  s e p a ra te
Prth e  e f f e c t s  o f  p r e s s u r e  and com position  on y | .  A cco rd in g ly ,  y |  s a t i s ­
f i e s  th e  Gibbs-Duhem e q u a t io n  d e f in e d  by e q u a t io n  2 .4 6 .  I f  th e  
s a t u r a t i o n  p r e s s u r e  o f  s o lv e n t  P® i s  used as th e  r e f e r e n c e  p r e s s u r e ,  
e q u a t io n  9 .17  changes to
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At vapor-liquid equilibrium, the fugacities of component i in the gaseous 
and liquid phases must be identical as given by equation 9.1. in 
equation 9.18 thus can be substituted by the fugacity of the solute gas 
in the gaseous phase f?. From now on we remove the superscripts P and 
g on f^ in equation 9.18, implying that it is the fugacity of the solute 
i at equilibrium. The partial molar volume v^ in the equation can be 
safely assumed to be identical to the partial molar volume at infinite
—ot>p
dilution v^ when becomes sufficiently small. Furthermore, we may
pS
-OOp -00 1
assume that ^  = v^ . These assumptions lead to
p S
f. P® P® v°° 1
£n ^  = £nHi1 + £ny| 1 + -Jj- (P-P®) (9.19)
In cases where the activity coefficient is expressed by the two 
suffix Margules equation given by equation 9.8, the equation for a 
binary system may be rewritten
p S
U  P? W.2 ,  v“  ^ P - P J
£n = £nH2 + (X“-l) +  —  (9.20)
where component 1 denotes solvent and 2 solute gas. Equation 9.20 is 
the Krichevsky-Ilinskaya equation (4). Krichevsky and Ilinskaya (4) 
defined an apparent partial molar volume v^ as
Ps
v *  (P-Pj) = v“ ^P-P®) + W12( x J - l )  (9.21)
Combining equations 9.20 and 9.21 yields
f Ps v*
£ n ^ =  jenH2J + ^  (P-pJ) (9.22)
Equation 9.22 is the modified Krichevsky-Kasarnovsky equation revised by 
Krichevsky and Ilinskaya (4). Krichevsky and Kasarnovsky (5) originally 
obtained an equation
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Ps
* t>s -® I
f 2 P1 v 2 s£n ^  = £nH2 + (P-P®) (9 .2 3 )
by s e t t i n g  y* -  1 .0 .  They dem onstra ted  t h a t  e q u a t io n  9 .23  c o r r e l a t e s
w e ll  th e  s o l u b i l i t y  d a ta  o f  hydrogen and n i t r o g e n  i n  w a te r  o b ta in e d  by
Wiebe e t  a l .  ( 6 ,7 ) .  L a t e r ,  K richevsky  and I l i n s k a y a  measured th e  t r u e
p a r t i a l  m olar volume a t  i n f i n i t e  d i l u t i o n  o f  a s o l u t e  gas i n  w a te r  and
m ethanol (A ). I t  was found t h a t  th e  measured v a lu e s  were n o t  i d e n t i c a l  
Ps
- 0 5  1
to  v^ o b ta in e d  by e q u a t io n  9 .23  from th e  p l o t  o f  s o l u b i l i t y  d a ta .  The
i n c o n s i s t e n c i e s ,  t h e r e f o r e ,  were a t t r i b u t e d  to  th e  n o n - i d e a l i t y  o f  th e
s o lu te  in  th e  s o lu t i o n  as  ex p ressed  by e q u a t io n  9 .2 1 .
P s-00  ^ -00p
I n s te a d  o f  assuming t h a t  v^ = c o n s ta n t ,  we may d e f in e  v^ to  be
dependent on p r e s s u r e  as  i l l u s t r a t e d  by Namiot ( 8 ) .
Ps
- « P  = -*  1 {1 .  (P-P®)} (9 .2 4 )
where p^ i s  th e  c o e f f i c i e n t  o f  i s o th e rm a l  c o m p r e s s ib i l i t y  o f  th e  p a r t i a l  
m olar volume. S u b s t i t u t i o n  o f  e q u a t io n  9 .2 4  in t o  9 .18  le a d s  to
pS pS
f  PS PS v°° 1 8 v°° *P^
t o  = toH.,1 + i0Y* 1 ♦ - I f -  (P-P*) -  - 4 ^ -  (9 .2 5 )
D e r iv a t io n  o f  e q u a t io n  9 .25  i s  g iv e n  i n  appendix  2 where th e  terms
g
hav ing  p ro d u c ts  o f  P j and p2 a r e  n e g le c te d .  E q u a t io n  9 .25  can be 
r e w r i t t e n  f o r  b in a ry  systems u s in g  th e  two s u f f i x  M argules e q u a t io n
P® PS
t o  ^  = faH21 + ^  (x ^ -1 )  ♦ (p - p ‘ ) -  ( 9 ' 26)
The l a s t  te rm  in  RHS o f  e q u a t io n  9 .26  was a l s o  su g g e s te d  by Coco and 
Johnson (20) as  i l l u s t r a t e d  i n  appendix  5 .
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For t e r n a r y  systems c o n s i s t i n g  o f  s o lv e n t  1 and two s o lu t e s  2 and 3,
f  PS W W
2n ^  = Unl^1 + ^  {XjCl-X2 ) -  1} + X3 ( l - X 2 )
‘2
PS PS
W13 *2 1 s P2*2 lp2
RT X1X3 + RT fP‘ Pl ) “ 2RT (9 .27 )
f  PS W W
In  ^  {X1(l-X 3 ) - 1} + ^  X2 (l-X 3)
PS PS
W12 *3 1 s P3^3 lp2- sr xix2+ "ir (p-pi> - "T®— (9-28)
PS -0 0  1In  e q u a t io n s  9 .27 and 9 .2 8 ,  0^ and o f  th e  s o lu t e  i  i n  a t e r n a r y
system  a re  assumed to  be th e  same as th o se  in  a b in a ry  system . The 
ap p a re n t  p a r t i a l  molar volume d e f in e d  by e q u a t io n  9 .2 1 ,  t h e r e f o r e ,  can 
be r e w r i t t e n  as
Ps
P s fi v  P 2
<? -oo 1 c  2  ^ 2  2
v* (P-P®) = v2 (P-P®) + W12 (X j-1) -   (9 .2 9 )
In  t h i s  r e s e a r c h ,  t h r e e  eq u a t io n s  9 .2 0 ,  9 .22  and 9 .26  a re  to  be 
t e s t e d  to  f i t  th e  e x p e r im en ta l  s o l u b i l i t y  d a ta  o f  b in a ry  system s. I t  
must be n o te d  t h a t  e q u a t io n  9 .22  can be used f o r  b o th  b in a ry  and t e r n a r y  
systems by assuming t h a t  th e  a p p a re n t  p a r t i a l  molar volume V | remains 
th e  same i n  b o th  system s.
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2) Fugacity of Pure Gases and Gaseous Mixtures.
F u g a c i ty  o f  a s o lu t e  i  i n  th e  gaseous phase  i s  e x p re ssed  by 
e q u a t io n  9 .2 .
f® = y.d>Yp (9 .2 )i  1 1
vAs th e  system  p r e s s u r e  P i s  known, we must know y^ and to  e v a lu a te  
f®. For a b in a ry  m ix tu re ,  i t  was u s u a l l y  assumed t h a t  y^ = 1 .0  f o r  a 
s o lu t e  gas a t  te m p e ra tu re s  a t  which th e  vapo r  p r e s s u r e  o f  th e  s o lv e n t  i s  
n e g l i g i b l e .  When th e  vapor p r e s s u r e  o f  th e  s o lv e n t  i s  a p p r e c ia b le ,  y^
y
must be e i t h e r  measured e x p e r im e n ta l ly  o r  e s t im a te d .  <Jk , on th e  o th e r  
hand, may be e v a lu a te d  by
2n<^ = ^  / [ ( g - )  -  ] dP (9 .30)
i  RT ^  i  T ,P ,n .  P
' ’ J
or
V
^  / " [ ( I ” ) -  F  ] dV -  AnZ (9 .3 1 )
r  RT . /  T ,V ,n .  P
J
<t>• , t h u s ,  can be e s t im a te d  i f  one has in fo rm a t io n  on Z and ( ^—  )
1 ,  8V ,  *o r  ( )
T . P . a .
Gas f u g a c i t i e s  can be e s t im a te d  by one o f  t h r e e  methods:
i )  C a lc u la t io n  from th e  e x p e r im e n ta l  v o lu m e tr ic  d a ta  o f  th e  
system .
i i )  Using th e  p r i n c i p l e  o f  c o r re sp o n d in g  s t a t e s .
i i i )  Using th e  Lewis and R an d a l l  f u g a c i ty  r u l e s .
y
F or  t h i s  r e s e a r c h ,  d i r e c t  c a l c u l a t i o n  o f  th e  f u g a c i t y  c o e f f i c i e n t  
from v o lu m e tr ic  d a ta  i s  p o s s i b l e  on ly  f o r  th e  p u re  g ases  to  be u sed ,  as
ex p e r im e n ta l  d a ta  on th e  gas m ix tu re s  a t  h ig h  p r e s s u r e  i s  l a c k in g .  For
p u re  g a s e s ,  e q u a t io n  9 .30  can be reduced  to
-V
121
= /An* = /  ( ^  ) dP (9 .3 2 )
0 r
Pure gas f u g a c i t i e s  beyond th e  p r e s s u r e  l i m i t  o f  th e  e x i s t i n g  d a ta  can 
be e s t im a te d  by th e  p r i n c i p l e  o f  co r resp o n d in g  s t a t e s  (9 ) .
For th e  b in a ry  system s and com position  o f  w a te r  in
th e  gaseous phase i s  n o t  s i g n i f i c a n t  a t  h ig h  p r e s s u r e s  and m oderate 
te m p e ra tu re s .  In  t h i s  c a s e ,  th e  Lewis and R an d a l l  f u g a c i ty  r u l e  has 
been  w ide ly  used (2 ,3 )  i f  on ly  th e  f u g a c i ty  o f  th e  major component i s  to  
be c a l c u l a t e d .
f 8 = y . f ? 8 = y.<|>?P (9 .3 3 )i  J i  i  ' i Ti
where f ? 8 and (J>? s ta n d  f o r  th e  f u g a c i ty  and th e  f u g a c i ty  c o e f f i c i e n t  o f  
pu re  component i  a t  th e  same p r e s s u r e  and te m p e ra tu re  a s  t h a t  o f  th e  
system .
In  a d d i t i o n  to  th e  methods d e s c r ib e d  above, th e  e q u a t io n  o f  s t a t e  
has  been w ide ly  used f o r  e s t im a t io n  o f  th e  f u g a c i ty  o f  gaseous m ix tu re s
f o r  n o n -p o la r  sys tem s , e s p e c i a l l y  a t  low and medium p r e s s u r e  ran g es .
F or  system s c o n ta in in g  a p o l a r  component such as w a te r ,  th e  v i r i a l  
e q u a t io n  o f  s t a t e  has been  recommended ( 1 ) .  At h ig h  p r e s s u r e s  where 
h ig h e r  th a n  t h i r d  v i r i a l  c o e f f i c i e n t s  a r e  r e q u i r e d ,  a d i f f i c u l t y  i s  
encoun te red  i n  f in d in g  th e  h ig h e r  o rd e r  c o e f f i c i e n t s .  R e c e n t ly ,  
Nakamura e t  a l .  (10) proposed  a method to  c a l c u l a t e  th e  f u g a c i ty  o f  
gaseous m ix tu re s  c o n ta in in g  p o l a r  compounds a t  h ig h  p r e s s u r e s  by 
m odify ing  th e  C a n a h a n -S ta r l in g  e q u a t io n  o f  s t a t e  (1 1 ) .  This  e q u a t io n  i s  
ex p re s se d  by
P = ! 1  I ^  (9.w)
V d - 4 )
where 4 = b /4 v .
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For p u re  components, th e  c o n s ta n ts  a and b a re  g iven  by
a = a  + p/T (9 .3 5 )
logb = -y  -  6T (9 .3 6 )
where a ,  P, y, ® an^ C a r e  e m p ir ic a l  c o n s ta n t s .  F o r  m ix tu re s ,  th e  
c o n s ta n t s  a r e  g iven  by 
tn
b„  = i y i hi= l
cn = .X, V i  (9'38)1=1
m m
am = 1 2  y . y . a . .  (9 .3 9 )i= l  j = l  J J
where
and
a . . = a . . + p . . / T  ( 9 . AO)
i j  i j  Ki j
a . . = ( 9 . 4 1 )
i j  i j
p. . = p??> + p n j ( 9 . 4 2 )
* i j  Ki j  Ki j
C o n s tan ts  OLj and p ^  r e f l e c t  in t e r m o le c u la r  f o r c e s  o f  a t t r a c t i o n
between m olecu les  i  and j .  The c o n s ta n t s  i n  e q u a t io n s  9 . 4 1  and 9 . 4 2  may
be e v a lu a te d  by
= [ a < 1}  ( 9 . 4 3 )
p j ] 5 = [ p | X) p j 0 ] *  ( 9 . 4 4 )
p j - 5 = h [ $ [ ° ) + p j 0 ) ] ( 9 . 4 5 )
w hile  rem ains a s  an a r b i t r a r y  p a ram e te r  t o  f i t  th e  b in a ry  d a t a .
S u b s t i t u t i o n  o f  e q u a t io n  9 . 3 4  i n t o  9 . 3 1  l e a d s  t o  an e x p re s s io n  f o r  th e  
f u g a c i ty  o f  component k i n  a m ix tu re  (10)
! + < r  > « ^  )k (1 - |)2 m (1-6)
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Nakamura e t  a l .  (10) t a b u la t e d  th e  c o n s ta n t s  i n  th e  e q u a t io n  f o r  pure  
and b in a ry  system s.
To t e s t  e q u a t io n  9 .46  f o r  gaseous m ix tu re s  c o n ta in in g  w a te r  vap o r ,  
we c a l c u l a t e d  f u g a c i ty  c o e f f i c i e n t s  o f  w a te r  i n  a gaseous m ix tu re  o f  
CH^-l^O. The r e s u l t s  a r e  compared w i th  th e  e x p e r im e n ta l  d a ta  o b ta in e d  
by Olds e t  a l .  (12) as  t a b u l a t e d  in  t a b l e  9 .1 .  The e x p e r im e n ta l  v a lu e s  
a re  g iven  in  column A and th e  c a l c u l a t e d  v a lu e s  i n  column 5 i n  th e
t a b l e .  In  column 6 , f u g a c i ty  c o e f f i c i e n t s  o f  w a te r  vapo r  e q u iv a le n t  to
assum ption  o f  R a o u l t ' s  law a re  g iv e n .  The com parison shows t h a t  th e  
m od if ied  C a n a h a n -S ta r l in g  e q u a t io n  o f  s t a t e  i s  worse th a n  th e  assum ption  
o f  R a o u l t ' s  law in  p r e d i c t i n g  th e  f u g a c i ty  c o e f f i c i e n t s  o f  w a te r  vapor 
i n  th e  m ix tu re  o f  CH^-I^O. As a r e s u l t ,  t h i s  e q u a t io n  o f  s t a t e  i s  no t  
to  be used  i n  t h i s  s tu d y .
3) P a r t i a l  Molar Volume.
Many a t te m p ts  have been  made f o r  th e  p r e d i c t i o n  o f  p a r t i a l  molar
volumes o f  a s o lu t e  a t  i n f i n i t e  d i l u t i o n  in  s o l u t i o n .  H ild eb ran d  and
S c o t t  (13) used  r e g u la r  s o l u t i o n  th e o ry  and Smith and W alkely (1A) f r e e
volume th e o ry  f o r  th e  p r e d i c t i o n .  Lyckman e t  a l .  (15) ex tended  f r e e  
volume th e o ry  t o  th e  g e n e r a l i z a t i o n  o f  p a r t i a l  m olar volumes o f  g ases  i n  
p o l a r  s o lv e n t s  as  a f u n c t io n  o f  c r i t i c a l  p r o p e r t i e s  o f  s o l u t e ,  cohes ive
energy  d e n s i t y  o f  s o lv e n t  and th e  s o l u t i o n  te m p e ra tu re .  L a t e r ,
P r a u s n i t z  and Chueh (16) showed t h a t  p a r t i a l  m olar volume may be
TABLE 9.1
Comparison o f  E xperim en ta l F u g a c i ty  
C o e f f i c i e n t s  w i th  th e  C a lc u la te d  V alues 
by E qua tion  9 .46  f o r  th e  System CH^-I^O.
Temp. P re ss  Mole F r a c t io n  o f   F u g a c i ty  C o e f f i c i e n t
K MPa Water Vapor
(<k) ( a )T1 exp. **1*C-S (* ) r
377.4 6 .9 0.02018 0.8718 0.8037 0.8516
377.4 13.8 0.01158 0.7905 0.6456 0.7421
377.4 20.7 0.00872 0.7287 0.5243 0.6570
377.4 27.6 0.00728 0.6810 0.4374 0.5902
377.4 41 .4 0.00586 0.6109 0.3329 0.4888
377.4 55 .2 0.00519 0.5599 0.2774 0.4139
377.4 68.9 0.00481 0.5227 0.2449 0.3573
410.8  6 .9  0.05619 0 .8788 0.8301 0.8756
410.8  13.8 0.03152 0.8137 0.6972 0.7805
410.8  20.7 0.02332 0 .7612 0 .5908 0.7033
410.8  27 .6  0.01923 0.7191 0.5097 0.6396
410.8  4 1 .4  0.01525 0 .6513 0.4045 0.5377
410.8  5 5 .2  0.01322 0.6069 0.3447 0.4652
410 .8  68 .9  0.01200 0.5761 0.3082 0.4100
a .  E xperim en ta l d a ta  from Olds e t  a l .  (12)
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e s t im a te d  by u s in g  th e  Redlich-Kwong e q u a t io n ,  B re lv i  and O 'C onnell 
(17) developed  a g e n e ra l iz e d  method to  e s t im a te  th e  p r o p e r ty  o f  gaseous 
s o l u t e s  i n  l i q u i d s  in c lu d in g  w a te r .
Most m ethods, however, a r e  developed  on ly  f o r  n o n -p o la r  systems 
ex c e p t  f o r  th o se  o f  Lyckman e t  a l .  and B re lv i  and O 'C o n n e ll .  Wilhelm 
e t  a l .  (1 8 ) ,  however, quo te  t h a t  th e  method o f  Lyckman e t  a l .  i s  poor 
i n  p r e d i c t i n g  th e  p a r t i a l  m olar  volume a t  te m p era tu re s  c lo se  t o  th e  
c r i t i c a l  te m p era tu re  o f  th e  s o lv e n t .  We have thus  chosen th e  method o f  
B r e lv i  and O 'C onnell t o  t e s t  i t s  a p p l i c a b i l i t y  to  c o r r e l a t i o n  o f  th e  
s o l u b i l i t i e s  o f  gases  i n  w a te r .
The e ssen ce  o f  th e  e s t im a t io n  method o f  B re lv i  and O 'C onnell l i e s  
i n  th e  assum ption  t h a t  two te rm s ,  a )  th e  c o m p r e s s ib i l i ty  o f  pu re  s o lv e n t  
Kj and b) th e  i n t e g r a t i o n  o f  th e  d i r e c t  c o r r e l a t i o n  fu n c t io n  (19) C®2 , 
can be g e n e ra l iz e d  a c c o rd in g  to  th e  p r i n c i p l e  o f  co rre sp o n d in g  s t a t e s .
An [1 + — J—  ] = -  0 .42704 (p -1 )  + 2.089 ( p - 1 ) 2 -0 .42367 (p2 - l ) 3 
pICRT
1 (9 .47 )
V" 0 .62
An {-C°2 [ ^  ] } = -2 .4467  + 2 .12074 p (9 .4 8 )
f o r  2 .0  < p < 2.785 
V* 0 .62
An { - c j 2 [ ] } = 3 . 0 2 2 1 4  -  1 . 8 7 0 8 5  p + 0 . 7 1 9 5 5  ( p )2 ( 9 . 4 9 )
f o r  2.785 < p < 3 .2  
where i s  a c h a r a c t e r i s t i c  p a ra m e te r  f o r  th e  su b s tan ce  i  i n  u n i t s  o f  
cm /mol and p th e  reduced d e n s i t y  o f  th e  s o lv e n t  d e f in e d  by v * /v .
P a r t i a l  m olar volume o f a s o l u t e  gas a t  i n f i n i t e  d i l u t i o n  i n  a l i q u i d
PS - 0 0  1
v2 can now be d e f in e d  by
Kj and e q u a t io n  9 .50  a r e  g iven  by e q u a t io n s  9 .47 and e i t h e r  9 .48
o r  9 .4 9 .  A cco rd in g ly ,  i f  th e  s p e c i f i c  volume o f  a s o lv e n t  v i s  g iven  a t  
system te m p e ra tu re  T, th e  p a r t i a l  m olar volume o f  s o lu te  a t  i t s  i n f i n i t e  
d i l u t i o n  can be r e a d i l y  e v a lu a te d .  The c h a r a c t e r i s t i c  v? p a ra m e te rs  a re  
g iven  by B re lv i  and O 'C onnell (1 7 ) .
The p a r t i a l  m olar volumes o f  n i t r o g e n  and methane were ex p er im en t­
a l l y  de term ined  by d i l a t o m e t r i c  measurements a t  273, 298 and 323 K by 
K richevsky  and I l i n s k a y a  (4 ) .  These v a lu e s  a re  compared w ith  th o se  
p r e d i c t e d  by th e  method o f  B re lv i  and O 'C onnell as g iven  i n  t a b l e  9 .2 .  
The com parison shows e x c e l l e n t  agreem ent f o r  n i t r o g e n  a t  323 K and f o r  
methane a t  298 and 323 K. At h ig h e r  te m p e ra tu re s ,  com parisons cannot be 
made as  d i l a t o m e t r i c  e x p e r im e n ta l  d a ta  a re  a b se n t  a t  th e  p r e s e n t  t im e .
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TABLE 9.2
Comparison o f  th e  P a r t i a l  Molar Volumes 
C a lc u la te d  by th e  Method o f  B r e lv i  and O 'C onnell 
w i th  th e  E xperim en ta l V alues .
Temp V2  V(m^mol *) V“  1/(m 3mol *)
K E xperim en ta l B re lv i  and
Data (4) O 'C onnell (17)
CH/ 298 37 x 10"£fa ) 37 .4  x 10‘ £
* 323 38 x 1 0 " ° ia j  38.9 x 10~?
373 -  43 .8  x 10"°
N0 298 40 x 10"*?M 35 .2  x l 0 - £
L 323 38 x 10 1 J n v  in " °
373
.2 X 1
38.0 X 10
41.3 X 10 6
a .  From a d i l a t o m e t r i c  experim en t by K richevsky and I l i n s k a y a  (4 ) .
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CHAPTER X 
E xperim en ta l Work
1) P r e p a r a t io n  o f  Samples
Gas samples were pu rchased  from L iqu id  Carbonic Co. Pure gases 
n i t r o g e n  and methane were th e  h ig h  p u r i t y  g rad e ,  t h e i r  p u r i t i e s  be ing  
99.999% and 99.97% minimum, r e s p e c t iv e l y .
For l i q u i d  sam ples ,  d i s t i l l e d  w a te r  was used a f t e r  com plete de­
g a s s in g .  The d e g a ss in g  was ach ieved  by f i l l i n g  th e  e q u i l ib r iu m  c e l l  
w ith  d i s t i l l e d  w a te r  and e v a c u a t in g  th e  c e l l  u n t i l  th e  r a t e d  p r e s s u r e  o f  
th e  vacuum pump was observed  on th e  vacuum gage lo c a te d  between th e  l a s t  
co ld  t r a p  and th e  vacuum pump. During th e  tim e o f  e v a c u a t io n ,  d i s t i l l e d  
w a te r  was a l low ed  to  e v a p o ra te .  A f te r  th e  r a te d  vacuum had been
reach ed ,  an  a d d i t i o n a l  q u a n t i t y  o f  w a te r  was e v ap o ra ted  to  be doubly
c e r t a i n  t h a t  th e  s o lv e n t  was co m ple te ly  degassed . A f te r  d e g a s s in g ,  th e  
e q u i l ib r iu m  c e l l  was b la n k e te d  w ith  th e  gas sample to  be used to  p re v e n t  
a i r  from le a k in g  in t o  th e  system .
2) E xper im en ta l  Equipment and P rocedure
D e ta i l s  o f  th e  h ig h  p r e s s u r e  u n i t  and th e  b u r e t  system a r e  shown in  
f i g u r e s  10-1 and 10-2 . For every  s e t  o f  ex p e r im en ts ,  th e  h ig h  p r e s s u r e  
system  i s  ev ac u a ted  and th e n  purged  w ith  s o lu t e  g as .  The e v a c u a t io n  i s  
r e p e a te d  s e v e r a l  t im e s ,  u n t i l  i t  i s  c e r t a i n  t h a t  th e  system i s  f r e e  from 
f o r e ig n  m a t e r i a l s .  The system  i s  th e n  f i l l e d  w ith  s o lu t e  gas a t  atmos­
p h e r i c  p r e s s u r e .  The r e q u i r e d  q u a n t i t y  o f  th e  d i s t i l l e d  w a te r  i s
in t ro d u c e d  t o  th e  e q u i l ib r iu m  c e l l  T-2 from th e  l i q u i d  h o ld in g  ta n k  T-3
■Cx*
V-6
O O
ATM
T -U  T-12 V-20
‘T-18
v-16
B a lla s t
Tank
O
T -l
P-1
M ic ro -F ilte r
Liquid
Tank
-fc<3----
IT-23
T-2
T-3
CV-I
L iquid Burst
C-l
Caa Gas Compressor Vacuua
C ylinder
Figure 10 .1 . Schematic Diagram of E quilibrium  System.
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G u  Ssapl*
H sllua
Tftouun Lin*
To G.C.
Gaa B o ttle s
WX3
Cola Vacuum 
Trap Pump
TO C.C
500 ce
Tospier 
Pump
L iquid Sample 
►
Cold Cold
Trap Trap
Cold Vacuun 
Trap Pump
Figure 10.2. Schematic Diagram o f Buret System.
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by gas p r e s s u re  a p p l ie d  th rough  CV-1. The q u a n t i ty  o f  w a te r  in t ro d u c e d  
i s  measured by th e  l i q u i d  l e v e l  d ec re a se  in  th e  ta n k .  At t h i s  time 
v a lv e s  V-9, V-10, V-13, V-14, V-15, V-17 and V-21 a re  open, w h ile  a l l  
o th e r  v a lv e s  remain c lo s e d .  The d i s t i l l e d  w a te r  i s  th e n  degassed  as 
d e sc r ib e d  in  s e c t i o n  1. The s o lu t e  gas i s  compressed by th e  gas 
com pressor C -l  and s to r e d  in  th e  gas b a l l a s t  ta n k  T - l  a t  a p r e s s u r e  a 
l i t t l e  h ig h e r  th a n  th e  e q u i l ib r iu m  p r e s s u r e  d e s i r e d .  The p r e s s u r e  of 
T - l  i s  read  by p r e s s u r e  gage P I -1 .  When d eg a ss in g  i s  com pleted , gas i s  
in t ro d u c e d  s low ly  to  T-2 by opening v a lv e s  V-6, V-7, V-9, V-10, V-13 and 
V-14. During gas f i l l i n g ,  th e  p r e s s u r e  o f  th e  gas b a l l a s t  ta n k  T - l  i s  
always m a in ta ined  h ig h e r  th a n  t h a t  o f  th e  e q u i l ib r iu m  c e l l  T-2 . The 
p r e s s u r e  i n  T-2 i s  read  on th e  d i g i t a l  p r e s s u r e  i n d i c a t o r  P I - 3 ,  backed 
up by a Bourdon gage. The te m p era tu re  o f  th e  e q u i l ib r iu m  c e l l  i s  
c o n t r o l l e d  by th e  te m p e ra tu re  c o n t r o l l e r  TC-1. The l i q u i d  sam pling l i n e  
from th e  e q u i l ib r iu m  c e l l  to  V-20 i s  f i l l e d  w ith  l i q u i d  to  p re v e n t  
f l a s h i n g  a t  th e  tim e o f  l i q u i d  sam pling . This  l i q u i d  must be d is p la c e d  
by th e  new l i q u i d  sample when i t  i s  w ithdraw n. When th e  d e s i r e d  
c o n d i t io n  i s  reac h ed ,  th e  c e l l  i s  p u t  i n t o  a ro ck in g  m otion u n t i l  
e q u i l ib r iu m  i s  ach iev ed .  McKetta ( l )  in d i c a te d  t h a t  such a ro ck in g  c e l l  
r e q u i r e d  about t h r e e  hours t o  ach iev e  e q u i l ib r iu m  f o r  th e  system  e thane  
and w a te r .
Once e q u i l ib r iu m  i s  ach ieved  a l i q u i d  sample i s  ta k e n .  At t h i s  
t im e ,  v a lv e s  V-9, V-13 and V-14 a re  open and v a lv e s  V-7 and V-20 opep 
m anually  such t h a t  th e  g ra d u a l  volume d isp la cem e n t o f  th e  l i q u i d  sample 
i n  th e  l i q u i d  sam pling l i n e  up t o  V-17 i s  e x a c t ly  b a lan ced  o u t  by th e  
gas volume added from th e  gas b a l l a s t  ta n k  T - l  and minimum p r e s s u r e  
d i s tu rb a n c e  in s id e  th e  e q u i l ib r iu m  c e l l  i s  en su red .  The m e te r in g  v a lv e
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V-12 a l low s  us t o  m a n ip u la te  th e  flow r a t e  o f  th e  l i q u i d  sample even 
w ith  a l a r g e  p r e s s u r e  d rop .  V alves V-15 and V-17 a r e  th e n  c lo se d  to  
t r a p  a l i q u i d  sample. At t h i s  t im e ,  th e  l i q u i d  b u r e t  system  has a l re a d y  
been ev ac u a ted  th o ro u g h ly  to  r e c e iv e  th e  sam ples .  The l i q u i d  sample i s  
expanded to  th e  b u r e t  system th rough  co ld  t r a p s  VT-1 and VT-2 by opening 
V -l6 .  The w a te r  v a p o r ,  which i s  e n t r a in e d  in  th e  evolved g a s ,  i s  f ro z e n  
in  th e  co ld  t r a p s .  The w a te r  and gas rem ain ing  i n  th e  sam pling l i n e  
a f t e r  th e  i n i t i a l  expansion  i s  t r a n s f e r r e d  by th e  t o e p l e r  pump to  th e  
b u r e t  system . Water i s  v a p o r iz e d  a t  t h i s  t im e under th e  vacuum 
developed  by s u c t io n  and th e  w a te r  vapor f ro z e n  a g a in  i n  th e  co ld  t r a p s .  
A f te r  th e  e v a c u a t io n ,  te m p e ra tu re ,  p r e s s u r e  and volume o f  th e  gas 
sample c o l l e c t e d  i n  th e  b u r e t  a r e  reco rd ed  and com position  o f  th e  gas 
i s  de te rm ined  by gas chrom atography. The number o f  moles o f  s o lu t e  
d i s s o lv e d  in  th e  w a te r  sample i s  c a l c u la te d  from t h i s  d a t a .  The co ld  
t r a p s  a re  removed from th e  sam pling l i n e  and th e  w eigh t o f  th e  c o l l e c t e d  
w a te r  i n  th e  t r a p s  de te rm ined .
For th e  gas sam ple, a s e p a r a t e  e q u i l ib r iu m  measurement i s  made 
a f t e r  th e  e q u i l ib r iu m  c e l l  i s  l e f t  to  s ta n d  s t i l l  f o r  a t  l e a s t  18 h o u rs .  
The gas sam pling  l i n e  i s  purged  up to  v a lv e  V-14 to  p r e v e n t  contam ina­
t i o n  by co n d en sa te .  The e n t i r e  gas sam pling l i n e  from V-14 to  th e  gas 
b u r e t  system  i s  th e n  evacua ted  and about 50 cc o f  gas sample taken  
between v a lv e s  V-9, V-13 and V-18. During gas sam pling , th e  p a r t i a l  
p r e s s u r e  o f  w a te r  i s  always k e p t  lower th a n  i t s  s a t u r a t i o n  p r e s s u r e  to  
p r e v e n t  w a te r  vapo r  from condensing  in  th e  gas sampling l i n e .  Due to  
th e  gas sam pliug  a p r e s s u r e  drop o f  about 7% from th e  i n i t i a l  p r e s s u r e  
i s  e x p e c te d .  The gas sample i s  th e n  fed  to  th e  gas chrom atograph 
th ro u g h  th e  gas b u r e t  system  to  de te rm ine  gas com posi tion .  The a n a l y s i s
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i s  made by u s in g  a "P o la rpack  Q" column a t  column te m p era tu re  o f  423 K 
and a helium  flow  r a t e  o f  30 cc /m in . A te m p era tu re  i n d i c a t o r ,  model 
412A-PT3-C-002A o f  Omega E n g in e e r in g ,  I n c . ,  was c a l i b r a t e d  a g a i n s t  th e  
f r e e z i n g  and b o i l i n g  p o in t s  o f  w a te r .  I t  has a s p e c i f i e d  accu racy  of 
±0.2°K. A p r e s s u r e  i n d i c a t o r ,  ASTRA A-420 model w i th  p r e s s u r e  
t r a n s d u c e r  SBF-30-1-A o f  P re s s u re  P ro d u c ts  I n d u s t r i e s ,  was c a l i b r a t e d  
a g a i n s t  a dead w eigh t gage by th e  m a n u fa c tu re r .  I t  has accuracy  of l e s s  
th a n  0.25% o f  f u l l  s c a l e .
The l i q u i d  and gas sampling l i n e s  a re  e l e c t r i c a l l y  t r a c e d  to  keep 
th e  l i n e s  warm enough to  promote v a p o r i z a t i o n  o f  w a te r .  The l i q u i d  
d ra w -o ff  l i n e  from V-17 to  V-20 i s  a l s o  e l e c t r i c a l l y  t r a c e d  to  p re v e n t  
fo rm a t io n  o f  h y d ra te s .
3) C on firm ation  o f  th e  Accuracy o f  th e  E xperim en ta l  System
To confirm  th e  accuracy  o f  th e  ex p e r im e n ta l  system , some o f  th e  
s o l u b i l i t y  d a ta  were compared w ith  th e  l i t e r a t u r e  v a lu e s .  For th e  
system , e q u i l ib r iu m  com position  o f  vapo r  and l i q u i d  phases  were 
r e p o r te d  a t  p r e s s u r e  up to  68 .9  MPa by Olds e t  a l .  (2) and C ulberson  
and McKetta ( 3 ) ,  r e s p e c t iv e l y .  In  t a b l e s  10.1 and 1 0 .2 ,  comparisons 
a r e  made f o r  th e  com positions  o f  gaseous and l i q u i d  phases  a t  323 K.
In  a d d i t i o n  to  th e  CH^-I^O system , th e  N^-H^O system was a l s o  
compared w ith  e x i s t i n g  d a ta .  E q u i l ib r iu m  com positions  o f  vapor and 
l i q u i d  phases  were r e p o r te d  by B a r t l e t t  (4) and Wiebe e t  a l .  ( 5 ) ,  
r e s p e c t i v e l y ,  a t  p r e s s u r e s  up t o  101.3 MPa. In  t a b l e s  10.1 and 1 0 .2 ,  
com parisons a re  made f o r  th e  com positions  o f  vapor and l i q u i d  ph ases  a t  
323 K.
t
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TABLE 10.1
Comparison of Vapor Phase Composition
of CH,(2)-H 0(1) and K,(2)-H 0(1)
Systems at 323 K. *
T P *1 A y2 A
K
ch4- h2.
MPa
0
Experim ent ( a )L i t e r a t u r e JL Experiment (a)L i t e r a t u r e JL
323.6 14.9 0.00150 0.00136 10.3 0.9985 0.9986 0.01
323.0 22.1 0.00101 0.00110 8 .2 0.9990 0.9989 0.01
323.0 41 .8 0.00093 0.00083 12.1 0.9991 0.9992 0.01
323.2 62 .6 0.00078 0.00074 5 .4 0.9992 0.9993 0.01
n2- h2o
323.5 21.9 0.00109 0.00096 13.5 0.9989 0.9990 0.01
323.2 41 .7 0.00089 0.00068 30 .8 0.9991 0.9993 0.02
323.4 60.1 0.00065 0.00057 14.0 0.9993 0.9994 0.01
323 .4 78.6 0.00059 0.00053 11.3 0.9994 0.9994 0.00
Average 13.2  0.01
(a)  Data o f  Olds e t  a l .  (2) f o r  CH,-H„0 and o f  B a r t l e t t  (4) f o r  N„-H„0 
system s a t  323.0  K. ^ Z 1
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TABLE 10.2
Comparison of Liquid Phase Composition
of CH,(2)-H„0(l) and N„(2)-H 0(1)
* Systems at 323 K. z
X
K
CH4 (2)-H 20(1 )
323.7
323.0
323.0
MPa E xperim en ta l
18.9 0.00204
42.1  0.00349
61 .9  0.00418
(a)
L i t e r a t u r e
0.00215
0.00348
0.00420
N2 (2)-H 20 ( l )
323 .2
323.3  
323.2
323.4
20.8
41.3
60.9
81.7
0.00144
0.00251
0.00337
0.00408
0.00150
0.00255
0.00339
0.00421
Average
5 .1
0 .3
0 .5
4 .0  
1.6  
0.6
3 .0
2 . 2
(a )  Data o f  C ulberson  and McKetta (3) f o r  CH.-H-O and o f  Wiebe e t  a l . ( 5 )  
f o r  N2-H20 system a t  323.0  K.
>
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From th e  t a b l e s  i t  can be seen  t h a t  w a te r  com positions  o f  th e  gas 
phase  f o r  b o th  and system s compare w ith  l i t e r a t u r e  v a lu e s
w ith  an average  d e v i a t i o n  o f  13.2 %. T h is  i s  e q u iv a le n t  to  an average  
d e v i a t io n  o f  0 .01  % f o r  th e  com position  o f  e i t h e r  CH^ o r  Ng in  th e  gas 
p h ase .  Com positions o f  s o lu te  gas i n  th e  l i q u i d  p h ase ,  on th e  o th e r  
hand, a re  compared w ith  l i t e r a t u r e  v a lu e s  w ith  an average  d e v ia t io n  o f  
2.2  %.
4) E xperim en ta l R e s u l t s
E q u i l ib r iu m  com positions  o f  vapo r  and l i q u i d  phases  f o r  th e  b in a ry  
system s CH^-I^O and ^ “l^O were measured a t  te m p e ra tu re s  o f  323 and 373 
K a t  p r e s s u r e s  up to  101.3 MPa. The da ta  a re  g iven  in  t a b l e s  10.3  and 
10 .4  w ith  th e  com positions  o f  vapo r  and l i q u i d  phases  o f  bo th  system s.
CH4 ( 2 ) -
N2 (2)-H
TABLE 10.3
Vapor Phase Composition of
CH4(2)-H20(1) and N (2)-H 0(1)
Systems at Equilibrium witfi the Liquid
T P  y l
K MPa
h2o ( i )
323.6  14.9 0.00150
323.0  22 .1  0.00101
323.0  4 1 .8  0.00093
323.2  62 .6  0.00078
323 .0  81 .6  0.00075
373.5 16.2 0.00915
373.2  20 .5  0.00736
373.3  4 1 .0  0.00501
373.3  61 .6  0.00451
373.3  75 .8  0.00426
20 ( 1)
323 .5  21.9  0.00109
323 .2  41.7  0.00089
323 .4  60.1  0.00065
323 .4  78 .6  0.00059
373 .2  20 .5  0.00734
373 .2  41 .8  0.00554
373 .2  6 2 .4  0.00408
373 .0  78.1  0.00387
P h a s e .
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CH4 ( 2 ) -
N2 (2 ) -
TABLE 10.4
L iq u id  Phase Composition o f  
CH4 (2)-H 20 (1 )  and N2 (2)-H20 ( l )
Systems a t  E q u i l ib r iu m  w i t s  th e  vapor Phase .
X2
K MPa
h2o ( i )
323.7  18.9 0.00204
323.0  42 .1  0.00349
323 .0  61 .9  0.00418
323 .0  81 .7  0.00470
323.2  102.4 0.00522
373.1  20 .9  0.00229
373.3  43 .1  0.00342
373.0  63 .5  0.00426
373.3  80 .8  0.00494
373.1 102.8 0.00559
2° ( 1)
323.2  20 .8  0.00144
323.3  41 .3  0.00251
323 .2  60 .9  0.00337
323 .4  81 .7  0.00408
323 .4  103.1 0 .00508
373 .3  21 .6  0.00151
373 .2  40 .9  0.00247
373.3  61 .5  0.00331
373 .3  83 .1  0.00439
373.1  102.9 0.00511
373.5  106.1 0 .00513
373 .3  107.4 0.00525
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CHAPTER XI 
C o r r e la t io n  o f  th e  S o l u b i l i t y  Data
1) B inary  System
Gas s o l u b i l i t y  e q u a t io n s  f o r  th e  b in a r y  sy s tem s , e q u a t io n s  9 .2 0 ,
9 .22  and 9 .26  can be t e s t e d  by c o r r e l a t i n g  th e  s o l u b i l i t y  d a ta  o f  pu re
g ases  i n  w a te r ,  th u s  v e r i f y i n g  th e  assum ptions  made f o r  th e  d e r iv a t io n
o f  th e  e q u a t io n s .  For th e  c o r r e l a t i o n ,  however, f u g a c i t i e s  o f  th e  
s o l u t e  gases must be a v a i l a b l e .  The f u g a c i t i e s  o f  pu re  gases  were 
e v a lu a te d  from th e  p u b l ish e d  v o lu m e tr ic  d a ta .
V olum etric  d a ta  f o r  methane was r e p o r te d  by Kvalnes e t  a l .  (1) a t  
p r e s s u r e s  up t o  101.3 MPa a t  te m p e ra tu re s  from 273 to  473 K and by
Olds e t  a l .  (2) up t o  69 .5  MPa a t  294 t o  510 K. For n i t r o g e n ,
v o lu m e tr ic  d a ta  was e x t r a p o la t e d  by Jacobsen  and S te w a r t  (3) a t  p r e s s u re s  
up to  1013.2 MPa and te m p e ra tu re s  up to  1944 K. A cco rd ing ly ,  th e  
f u g a c i ty  o f  CH^ and ^  can be de term ined  a t  up t o  101.3 MPa a t
te m p e ra tu re s  o f  323 and 373 K from th e  v o lu m e tr ic  d a ta  r e p o r te d  in  th e  
l i t e r a t u r e  t o  co rrespond  w ith  our measurements.
The f u g a c i ty  c o e f f i c i e n t s  th u s  c a l c u l a t e d  a r e  p l o t t e d  in  f ig u r e s
11.1 and 11.2  f o r  CH^ and r e s p e c t iv e l y .  From f ig u r e  11.2  we can see
t h a t  th e  f u g a c i ty  iso the rm s  o f  ^  c ro s s  each o th e r  a t  h ig h  p r e s s u r e s  and
th e  f u g a c i ty  c o e f f i c i e n t  o f  th e  h ig h e r  te m p e ra tu re  iso th e rm  becomes 
s m a l le r  th a n  t h a t  o f  th e  low er te m p e ra tu re .  T h is  phenomenon i s  caused 
by th e  f a c t  t h a t  c o m p r e s s ib i l i t y  f a c t o r  o f  th e  h ig h e r  te m p era tu re  
iso th e rm  becomes s m a l le r  th a n  t h a t  o f  th e  low er te m p e ra tu re  w h ile
p r e s s u r e  i n c r e a s e s .
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As f u g a c i t i e s  o f  th e  s o lu te  g ases  a re  now a v a i l a b l e ,  we can f i r s t  
t e s t  e q u a t io n  9 .2 2 .  For th e  sake o f  convenience in  ex te n d in g  th e  p l o t  
o f  th e  s o l u b i l i t y  d a ta  t o  ze ro  p r e s s u r e ,  a m od ified  H en ry 's  law c o n s ta n t  
(4) i s  in t ro d u c e d .
y2 and x^ in  th e  e q u a t io n  a re  th e  e x p e r im e n ta l  d a ta  g iven  i n  t a b l e s  10.1
v a lu e s ,  th e  s o l u b i l i t i e s  o f  p u re  g ases  i n  w a te r  a r e  p l o t t e d  in  f i g u r e s
11.3 and 11 .4  f o r  th e  system s CH^-H^O and N^-H^O, r e s p e c t i v e l y .  This
p l o t  o f  e q u a t io n  11.2 was f i r s t  made by K richevsky  and Kasarnovsky (5)
f o r  th e  system s H2“H20 and N2-H20 a t  p r e s s u r e s  up t o  101.3 MPa a t
te m p e ra tu re s  below 373 K by u s in g  th e  s o l u b i l i t y  d a ta  o f  Wiebe e t  a l .
( 6 ,7 ) .  From th e  f i g u r e s ,  i t  can be seen  t h a t  e q u a t io n  11.2 c o r r e l a t e s
th e  s o l u b i l i t y  d a ta  o f  th e  b in a ry  system s w e l l .  The s lo p e  o f  th e
s t r a i g h t  l i n e  v^ i s  an e m p ir ic a l  c o n s ta n t  which may be r e p re s e n te d  by
e i t h e r  e q u a t io n  9 .18  o r  9 .2 5 ,  which w i l l  be v e r i f i e d  l a t e r .  The H enry 's  
P1law c o n s ta n t  H^ may be read  o f f  from th e  f i g u r e s  a t  s a t u r a t i o n  w a te r  
p r e s s u r e  a t  each system te m p e ra tu re  r a t h e r  th a n  a t  ze ro  p r e s s u r e .  These 
two p r o p e r t i e s  th e  a p p a re n t  p a r t i a l  m olar volume v£ and th e  H en ry 's  law 
c o n s ta n t  H2 w i l l  be d is c u s s e d  in  more d e t a i l  i n  s e c t io n s  2 and 3.
S econdly , we t e s t  e q u a t io n  9 .2 0  by combining e q u a t io n s  9 .20  and
9.22  and r e a r r a n g in g  th e  r e s u l t i n g  e q u a t io n  to  g ive
JJnH* = £nH2 - - ~ ( 1 1 . 1 )
Combining e q u a t io n s  9 .2 2 ,  9 .33  and 11.1 le a d s  to
( 1 1 . 2 )
and 10 .2 .  <t>2 i s  found from f ig u r e s  11.1 and 11 .2 . By u s in g  th e s e
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PS
v* v°°  ^ W
rI (p"pi) ’ - ir  (p_pi) = rt (xi ■ (11‘3)
The a p p a re n t  p a r t i a l  m olar volume v |  can be o b ta in e d  from th e  s lo p e  o f
th e  s t r a i g h t  l i n e  i n  th e  p re v io u s  p l o t s  and th e  t r u e  p a r t i a l  m olar volume 
pS
- 0 0  1V£ from t a b l e  9 .2 .  X2> which in  t u r n  i s  used to  e v a lu a te  X^ in  e q u a t io n
1 1 .3 ,  can be back  c a l c u l a t e d  from th e  v a lu e s  ln (P y 2<t>2/X2 ) read  o f f  from
th e  s t r a i g h t  l i n e  o f  th e  p l o t s .  A cco rd in g ly ,  th e  l e f t  hand s id e  o f
e q u a t io n  11.3  can be r e a d i l y  e v a lu a te d  and th e  v a lu e s  p l o t t e d  as  a 
2
f u n c t io n  o f  ( X ^ - l ) .  As th e  term  Wj 2/RT i s  c o n s ta n t  a t  c o n s ta n t  
te m p e ra tu re ,  th e  p l o t  must y i e l d  a c o n s ta n t  s lo p e .  O therw ise ,  e q u a t io n
11.3  does n o t  h o ld  and, as  a r e s u l t ,  e q u a t io n  9 .20  cannot be used fo r  
th e  c o r r e l a t i o n  o f  gas s o l u b i l i t y  d a ta .  Such p l o t s  a r e  made in  f i g u r e
11.5 f o r  th e  system  CH^-H^O and i n  f ig u r e  11.6 f o r  th e  system N^-H^O.
The p l o t s  o f  f i g u r e s  11.5 and 11.6  do n o t  y i e l d  s t r a i g h t  l i n e s .  This
f a c t  s u g g e s ts  t h a t  e q u a t io n  9 .20  does n o t  p r o p e r ly  r e p r e s e n t  th e  
s o l u b i l i t y  d a ta  o f  gases  i n  w a te r .
T h i r d ly ,  we t e s t  e q u a t io n  9 .26  by r e a r r a n g in g  th e  e q u a t io n  as  done 
b e fo re  to  g iv e
Ps Ps
^ (P -P ® )  v“  ^ P -P ® ) W p2v® V
RT RT = (Xi -  i )  2RT ( H . 4 )
The l e f t  hand s id e  o f  e q u a t io n  11.4  i s  i d e n t i c a l  to  t h a t  o f  e q u a t io n
1 1 .3 .  A cco rd in g ly ,  two unknowns i n  e q u a t io n  1 1 .4 ,  can 
e v a lu a te d  by f i t t i n g  th e  d a ta  p o in t s  o f  f i g u r e s  11.5 and 11.6  by th e  
method o f  l e a s t  s q u a re s .  The r e s u l t i n g  v a lu e s  a r e  g iven  in  t a b l e  1 1 .4 .  
The s ig n i f i c a n c e  o f  th e  two c o n s ta n t s  w i l l  be d is c u s s e d  i n  more d e t a i l  
i n  s e c t i o n  4.
I0.18
© 323 K 
A 373 K0 , 1 6 -
0 .1 4 -
0 .1 2 -
0. 10-
0 .08 -
0 .06-
0.02
0.0
(X? -  1) x 103
F igure 11 .5 . P lo t of Equation 11.3 fo r  CHi(2) In H20(l)
6*
71
0  323 R
0.32 ▲ 373 R
0.28 ■
0.24
0 , 2 0 -
0.16
I  IM l>
■ > 0.12
0 .0 8 .
0.04
0.0
10 114 8 95 6 72 30 1
Figure 11.6. P lo t of Equation 11.3 fo r  ^ ( 2 )  In t^OCl)
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2) H en ry 's  l a v  c o n s ta n t
P 1H en ry 's  law c o n s ta n t  Hg was o b ta in e d  in  th e  p re v io u s  s e c t i o n  by
f i t t i n g  th e  s o l u b i l i t y  d a ta  u s in g  e q u a t io n  11 .2 .  The v a lu e s  a re  g iven  
i n  column 3 i n  t a b l e  1 1 .1 .  As th e  H en ry 's  law c o n s ta n t s  o f  permanent 
gases  have been r e p o r te d  in  th e  l i t e r a t u r e  a t  some o f  th e  te m p e ra tu re s  
we have covered ,  we made a com parison in  t a b l e  11.1 t o  check th e  
c o n s is te n c y  between th e  v a lu e s  from th e  gas s o l u b i l i t y  d a ta  a t  h igh  
p r e s s u r e s  and t h a t  from th e  low p r e s s u r e  ex p e r im e n ts .  In  column 4 in  
th e  t a b l e ,  th e  H en ry 's  law c o n s ta n t s  o b ta in e d  from th e  com piled d a ta  of 
Wilhelm e t  a l .  (8) a re  l i s t e d  and , i n  column 5 ,  th e  v a lu e s  ta k en  from 
th e  compiled d a ta  o f  Himmelblau ( 9 ) .  Comparison o f  th e  v a lu e s  shows 
c lo s e  agreem ent among th e  t h r e e  d i f f e r e n t  s o u rc e s .  T h is  f a c t  su g g e s ts  
t h a t  th e  m od if ied  K richevsky-K asarnovsky  e q u a t io n ,  e q u a t io n  9 .2 2 ,  can be 
s a f e l y  used t o  e v a lu a te  t h e  H en ry 's  law c o n s ta n t  from th e  gas 
s o l u b i l i t y  d a ta  a t  h ig h  p r e s s u r e s .
P r e d ic t i o n  o f  H e n ry 's  law c o n s ta n t s  o f  perm anent g ases  i n  p o la r  
s o lv e n t s  such as w a te r  has  been  a t te m p te d  by P i e r o t t i  (10) and Wilhelm 
and B a t t in o  (11) u s in g  s c a le d  p a r t i c l e  th e o ry .  As t h e i r  p r e d i c t i o n  was 
made a t  low te m p e ra tu re s  n e a r  298 K, we t e s t e d  s c a le d  p a r t i c l e  th e o ry  
f o r  th e  h ig h e r  te m p e ra tu re s  i n  t h i s  r e s e a r c h .  E x p re s s io n  o f  th e  H en ry 's  
law c o n s ta n t  may be d i r e c t l y  o b ta in e d  by s u b s t i t u t i n g  th e  te rm  *n
e q u a t io n  2 .95  by an e x p re s s io n
to  y i e l d  an e x p re s s io n  f o r  t h e  H en ry 's  law c o n s ta n t  on a m olar b a s i s
(11 -5 )
P? 
£nH2 = ( 1 1 - 6 )
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System
n2- h2o
ch4- h2o
p !
TABLE 11.1
Comparison o f  H en ry 's  Law C onstan t .
. - 2 ,
P 1(H„ ) : o b ta in e d  i n  t h i s  s tu d y .2 exp 3
P1(H2  )y  : Wilhelm e t  a l .  ( 8 ) .
P 1(H„ ) „  : Himmelblau (9 ) .2 'H 
P1(H2 )g : S ca led  P a r t i c l e  Theory.
Temp. P1 r PUK 2 exp 2 CH2 2 ^S 2 JS-P
323 115.7 109.9 114.2 127.3 159.5
373 125.3 - 123.5 164.6 278.2
423 - - 100.6 157.3 341.2
473 - - 69.8 121.0 192.4
323 57.1 57 .5 59.2 69 .3 84.7
373 64 .5 - 70.9 113.8 184.7
423 - - 57.9 126.7 262.7
473 - - 30.1 106.8 166.7
^ 2 ^ S - P  : S ca led  P a r t i c l e  Theory w ith  th e  te m p e ra tu re  c o r r e c t io n
f a c t o r  p roposed  by Schulze  and P r a u s n i t z  (12 ) .
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? 2  in  e q u a t io n  11.5 deno tes  th e  p a r t i a l  p r e s s u r e  o f  s o l u t e  gas 2. The
f i r s t  term  in  th e  r i g h t  hand s id e  o f  e q u a t io n  11.6  was g iven  by e q u a t io n  
2 .1 1 4 .  The second te rm , however, must c o n ta in  th e  in d u c t iv e  energy  
caused  by p o la r  m olecu les  i n  a d d i t i o n  t o  th e  d i s p e r s io n  energy  g iven  by 
e q u a t io n  2 .1 1 5 .  The r e s u l t i n g  e x p re s s io n  was g iven  by P i e r o t t i  (10) and 
Wilhelm and B a t t in o  (11) as
where |Jj and ^  a re  d ip o le  moment o f  w a te r  and p o l a r i z a b i l i t y  o f  th e
m olecu les  i n  u n i t  volume. m e  p a ram e te rs  t o r  use  m  e v a lu a t in g  ^  
e q u a t io n  11.6 a re  g iven  i n  t a b l e  11 .2 .  The H en ry 's  law c o n s ta n ts  th u s  
e v a lu a te d  a r e  l i s t e d  in  column 6 i n  t a b l e  11 .1 . Comparison o f  th e  
c a l c u l a t e d  and ex p e r im en ta l  v a lu e s  shows c lo se  agreement a t  th e  lower 
te m p e ra tu re  323 K. At h ig h e r  te m p e ra tu re s ,  however, th e  agreement
becomes p o o r .
To improve th e  accu racy  o f  p r e d i c t i o n  a t  h ig h e r  te m p e ra tu re s ,  
Schulze  and P r a u s n i t z  (12) m od if ied  e q u a t io n  2.110 by in t ro d u c in g  an 
e m p ir ic a l  c o r r e c t i o n  f a c t o r
a 12' a l  anc* °2  e Qu a t i ° n 11 .8  can be e f f e c t i v e l y  reg a rd ed  as a ^ j  
and a 2  as m entioned  i n  C hapter I I ,  S chu lze  and P r a u s n i t z  (12) proposed
(1 1 .7 )
s o lu t e  g a s ,  r e s p e c t i v e l y .  pm in  e q u a t io n  11.7 s ta n d s  f o r  th e  numbeg o f
°12 ”  ( 2  ^ F (T) ( 11. 8 )
a g e n e ra l iz e d  form f o r  F ^
1 2 1 F (x) = 16280 ( £ ) - 141.75 £ + 1.2978 (11.9)
TABLE 11.2
P aram ete rs  f o r  Use in  th e  S ca led  P a r t i c l e  Theory.
o x 1010/m e /k /K  a  x 1030 |j/Debye
3
m /m o lecu le
Water 2 .75 85 .3 1.59 1.84
N itro g en 3.73 95 .0 1.73 -
Methane 4 .1 3 (a ) 160.0 2 .70 —
a. Schulze  and P r a u s n i t z  (12) o b ta in e d  t h i s  v a lu e  by f i t t i n g  
e x p e r im e n ta l  d a ta  o f  H en ry 's  law c o n s ta n t .
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In  column 7 in  t a b l e  1 1 .1 ,  th e  H en ry 's  law c o n s ta n t s  e v a lu a te d  by 
e q u a t io n  11.6  w i th  th e  te m p era tu re  c o r r e c t io n  f a c t o r  g iv e n  by e q u a t io n
11.9 a r e  g iv e n .  The r e s u l t s ,  however, show a g r e a t e r  d e v i a t io n  from th e  
ex p e r im en ta l  v a lu e s .  A cco rd ing ly ,  th e  g e n e ra l iz e d  c o r r e c t io n  f a c t o r  i s  
n o t  ad eq u a te .  We, t h e r e f o r e ,  p ropose  a new c o r r e c t i o n  f a c t o r  f o r  each 
s o lu t e  gas.
1 1 2F ( t )  = 0.78771 + 109.174 ( ± ) -  13888.46 ( ± ) (11 .10 )
1 1 2F ( t )  = 0.35808 + 366.61 ( £  ) -  52502.36 ( £  ) (11 .11)
E qua tions  11.10 and 11.11 a re  f o r  and CH^, r e s p e c t i v e l y .  They a re  
o b ta in e d  by f i t t i n g  th e  H en ry 's  law c o n s ta n t s  g iven  by Himmelblau (16) 
by th e  l e a s t  sq u a res  method.
3) A pparent P a r t i a l  Molar Volume
I t  was shown i n  s e c t i o n  1 t h a t  th e  a p p a re n t  p a r t i a l  m olar volume v* 
could be o b ta in e d  from th e  s lo p e  o f  th e  s t r a i g h t  l i n e  when th e  s o l u b i l i t y  
d a ta  o f  gases  in  w a te r  were f i t t e d  by th e  m o d if ied  K richevsky-K asarnovsky 
e q u a t io n ,  e q u a t io n  9 .2 2 .  The v a lu e s  ta k e n  from th e  p l o t  a r e  t a b u la te d  
in  column 5 in  t a b l e  11 .3 .  In  columns 3 and 4 i n  th e  t a b l e ,  th e  t r u e
p a r t i a l  molar volumes as g iven  a l r e a d y  i n  t a b l e  9 .2  a r e  a l s o  l i s t e d .
P —00 1
From th e  t a b l e  i t  can be seen  t h a t  th e  t r u e  p a r t i a l  m olar volume ^2  
tak en  by d i l a t o m e t r i c  experim en t i s  n o t  c o n s i s t e n t  w i th  th e  a p p a re n t  
p a r t i a l  m olar volume v^ . T h is  f a c t  was observed  by K richevsky  and 
I l i n s k a y a  (13) and le d  them to  d e r iv e  th e  K r ic h e v s k y - I l in s k a y a  e q u a t io n ,  
e q u a t io n  9 .2 0 .  However, we have a l r e a d y  t e s t e d  th e  e x p re s s io n  in  
s e c t i o n  1 and shown t h a t  e q u a t io n  9 .20  was n o t  ad equa te  f o r  g a s -w a te r
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TABLE 11.3
Comparison o f  th e  P a r t i a l  Molar Volume E v a lu a ted  
by V arious  Methods.
Temp.
K
Methane 298 
323 
373
N itro g e n  298 
323 
373
pS
Volume, v* *x 10^/(m^/mol)
E xperim en ta l E s tim a ted  by 
Values th e  Method o f  
B re lv i  and 
0 'C o n n e l l (1 8 )
37 .4
38.9
43 .8
37
38
(a)
(a )
40
38
(a)
(a) 35.238.0
41.3
Volume, v?i x 10^/(m^/mol)
From Gas 
S o l u b i l i t y  
Data
35.1
39 .4
32.2
33.9
E s tim a ted  
from 
f ig u r e  11.7
35.9
37.6
32.5
34.0
a . D i la to m e t r ic  experim en t of K richevsky and I l i n s k a y a  (13)
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system s even though th e  e q u a t io n  was s a t i s f a c t o r y  f o r  th e  s o l u b i l i t y
d a ta  o f  g ases  a t  h igh  p r e s s u r e s  i n  n o n -p o la r  system s (1 4 ) .  T h e re fo re ,
th e  a p p a re n t  p a r t i a l  m olar volume o f  gases  in  w a te r  cannot be
r e p re s e n te d  by e q u a t io n  9 .2 4  b u t  must be r e p re s e n te d  by e q u a t io n  9 .2 9 .
The a p p a re n t  p a r t i a l  m olar volume v^ o f  methane and n i t r o g e n  in
w a te r ,  however, can be p r e d ic te d  w ith  re a so n a b le  accu racy  i f  we ta k e  th e
s a t u r a t e d  l i q u i d  m olar volume o f  th e  p u re  s o lu te  f o r  v^ a t  th e  same
reduced  te m p e ra tu re  as t h a t  o f  w a te r .  The a p p a re n t  p a r t i a l  m olar volume
of n i t r o g e n  i n  w a te r  a t  323 K, f o r  example, can be p r e d i c t e d  by ta k in g
th e  s a t u r a t e d  l i q u i d  molar volume o f  n i t r o g e n  a t  i t s  reduced te m p era tu re
o f  0 .4 9 9 ,  which i s  th e  reduced te m p e ra tu re  o f  w a te r  a t  323 K. The
-6  3p r e d ic t e d  v a lu e  i n  t h i s  case  i s  32 .5  x 10 m /mol w h ile  th e  a p p a re n t
“6 3p a r t i a l  molar volume was 32 .2  x 10 m /m ol.  The s a t u r a t e d  l i q u i d  molar 
volume o f  methane (15) and n i t r o g e n  (15) a re  p l o t t e d  in  f i g u r e  11.7 as a 
f u n c t io n  o f  reduced  te m p e ra tu re .  The p r e d ic t e d  v a lu e s  by u s in g  th e  
f ig u r e  a r e  l i s t e d  i n  column 6 i n  t a b l e  1 1 .3 ,  which ag ree  c l o s e l y  w ith  
th e  a p p a re n t  p a r t i a l  m olar volume e v a lu a te d  from th e  gas s o l u b i l i t y  
d a t a .
4) A c t i v i t y  C o e f f i c i e n t  and Iso th e rm a l  C o m p re s s ib i l i ty
F i t t i n g  th e  d a ta  p o in t s  o f  f i g u r e  11.5 and 11.6 by th e  method o f  
l e a s t  s q u a re s  u s in g  e q u a t io n  11.4 p roduces  n u m erica l  v a lu e s  f o r  and 
f$2 a s  e x p la in e d  i n  s e c t i o n  1 and th e  r e s u l t s  a r e  t a b u la t e d  i n  t a b l e  11 .4 .
The c o n s ta n t  i n  th e  tw o - s u f f ix  Margules e q u a t io n  i s  u s u a l l y  ob­
t a in e d  from a number o f  i s o th e rm a l  a c t i v i t y  c o e f f i c i e n t s  by u s in g  
e q u a t io n  9 .8 .  I f  th e  i s o th e rm a l  a c t i v i t y  c o e f f i c i e n t s  p roduce i d e n t i c a l
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TABLE 11.4
The R e s u l t s  o f  th e  L e a s t  Squares F i t  o f  
S o l u b i l i t y  Data by E qua tion  9 .2 3 .
Temp. W12 x 102 02 x 103 (MPa) 0T x 103 (MPa)
K -------------------------     77y
(MPa)(m )/m ol Gas S o l u b i l i t y  Data I n t e r p o l a t e d
Methane 323 1 .4 0 .75 1.56
373 2 .2 0 .95 2 .04
N itro g en 323 4 .5 0.91 2.06
373 5 .7 1.01 2 .70
a .  0.J, was o b ta in e d  from an i n t e r p o l a t i o n  o f  th e  d a ta  g iven  by 
Rowlinson (1 7 ) .
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v a lu e s  f o r  th e  c o n s ta n t ,  th e  system  i s  r e p re s e n te d  by th e  tw o - s u f f ix  
M argules e q u a t io n .  The gas s o l u b i l i t y  d a t a ,  however, produce o n ly  one 
v a lu e  f o r  when th e y  a r e  f i t t e d  by e q u a t io n  11 .4 .  A cco rd ing ly ,  th e  
c o n s ta n t  canno t be compared f o r  each  o f  th e  i s o th e rm a l  s o l u b i l i t y  d a ta .
The num erica l  v a lu e s  f o r  r e p r e s e n t  th e  c o e f f i c i e n t s  o f  i s o th e rm a l
p S  £
- 0 0  1c o m p r e s s ib i l i t y  o f  v^ . Namiot (13) r e p o r t s  th e  c o e f f i c i e n t s  o f
methane and n i t r o g e n  in  w a te r  a t  298 K a t  p r e s s u r e s  up to  4 5 .5  MPa.
The v a lu e s  a r e  (1 .5  + 1 .5 )  x 10 ^ (MPa) * f o r  methane and (4 .0  + 1 .5 )  
-3  -1x 10 (MPa) f o r  n i t r o g e n .  From our r e g r e s s io n ,  we o b ta in e d  0 .75  x 
10 ^ (MPa) * f o r  methane and 0 .90  x 10 ^ (MPa) * f o r  n i t r o g e n  a t  323 
K. These v a lu e s  a re  c o n s i s t e n t  w i th  th e  ex p e r im e n ta l  v a lu e s  o f  Namiot, 
i f  we n e g le c t  th e  e f f e c t  o f  th e  te m p era tu re  d i f f e r e n c e .  Rowlinson (17) 
a l s o  r e p o r t s  th e  c o e f f i c i e n t s  o f  s a tu r a t e d  l i q u i d s  o f  CH  ^ and N£. We 
took  th e  v a lu e s  by i n t e r p o l a t i n g  h i s  d a ta  a t  th e  same reduced  tem pera­
tu r e  as f o r  w a te r  a t  each system  te m p e ra tu re  as  g iven  in  column 4 i n  
t a b l e  1 1 .4 .  These v a lu e s  su g g e s t  t h a t  th e  gas m olecu les  e x h i b i t  
i s o th e rm a l  c o m p r e s s i b i l i t i e s  o f  th e  same o rd e r  o f  magnitude as  t h e i r  
normal l i q u i d s  when th e  gas m olecu les  a re  d is s o lv e d  in  w a te r .  The 
com parison a l s o  shows t h a t  th e  c o m p r e s s ib i l i ty  f a c t o r  a t  h ig h  p r e s s u r e s  
i s  ap p ro x im ate ly  one h a l f  o f  t h a t  a t  s a t u r a t i o n  c o n d i t io n  a s  i n d i c a te d  
by Rowlinson (1 7 ) .
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CHAPTER XII
Prediction of the Solubilities of Gases in Water
The G ib b 's  phase r u l e  says t h a t ,  f o r  a b in a ry  system i n  vapo r-  
l i q u i d  e q u i l ib r iu m ,  two in t e n s iv e  p r o p e r t i e s  must be known to  f i x  th e  
s t a t e  o f  th e  system . In  o th e r  words, i f  we know p r e s s u r e  and 
te m p e ra tu re ,  th e  o th e r  i n t e n s iv e  p r o p e r t i e s  y^ ,  x j  an<* x 2  can
e v a lu a te d .  This  i s  p o s s i b l e  by so lv in g  s im u l ta n e o u s ly  th e  fo u r  
e q u a t io n s
f f  = f\ (12 .1 )
f |  = . (12 .2 )
y l  + y2 = 1 (1 2 .3 )
Xj + x^ = 1 (1 2 .4 )
where component 1 s ta n d s  f o r  w a te r  and 2 s o lu t e  g as .  For a b in a ry  
system c o n ta in in g  a p o la r  s o lv e n t  such as w a te r ,  e v a lu a t io n  o f  th e  
fu g a c i ty  o f  w a te r  in  th e  gaseous m ix tu re  i s  d i f f i c u l t  a t  h ig h  p r e s s u r e s .  
A cco rd ing ly ,  e q u a t io n  12.1 becomes u n u sa b le ,  le a v in g  on ly  t h r e e  
e q u a t io n s  to  be used . T h e re fo re ,  an a d d i t i o n a l  i n t e n s iv e  p r o p e r ty ,  y^ 
f o r  example, must be s p e c i f i e d .  This means t h a t  th e  vapor com position  
has  to  be known to  c a l c u l a t e  th e  l i q u i d  com position .  E qua tions  9 .22  and 
9 .26  have been d e r iv e d  s t a r t i n g  from e q u a t io n  12.2  to  e v a lu a te  
u s in g  e q u a t io n  1 2 .4 ,  one rem ain ing  in t e n s iv e  p ro p e r ty  Xj can be o b ta in e d .
To p r e d i c t  x„ by e q u a t io n  9 .2 2 ,  th e  v a lu e s  f o r  t h r e e  v a r i a b l e s  f 9 , 
p? -
H2  and v* a r e  n e c e s s a ry .  As d isg u sse d  in  th e  p re v io u s  c h a p te r ,  f 2  may
P i  _
be e v a lu a tg d  by e q u a t io n  9 .3 3 ,  ^  by e q u a t io n  11.6  and v |  from f ig u r e
11 .7 . may be a l s o  o b ta in e d  from th e  p u b l ish e d  d a ta  such as  t h a t  o f
TABLE 12.1
Comparison of the Predicted and Experimental
Solubilities of Gases in Water
Temp. P r e s s . E xperim en ta l P re d ic te d A
K MPa (a)2 X2 X2
%
cV h2o
323.7 18.9 0.9988 0.00204 0.00206 0 .9
323.0 42.1 0.9991 0.00349 0.00321 8 .0
323.0 61.9 0.9992 0.00418 0.00390 6 .6
323.0 81.7 0.9993 0.00470 0.00447 4 .8
323.2 102.4 0.9994 0.00520 0.00496 4 .6
373.1 20 .9 0.9924 0.00229 0.00205 10.4
373.3 43.1 0.9949 0.00342 0.00328 4 .0
373.0 63.5 0.9956 0.00426 0.00409 3.9
373.3 80 .8 0.9960 0.00494 0.00468 5 .2
373.1 102.8 0.9963 0.00559 0.00534 4 .4
n2- h2o
323.2 20 .8 0.9988 0.00144 0.00145 0 .6
323.3 41 .3 0.9993 0.00251 0.00253 0.7
323.2 60.9 0.9994 0.00337 0.00339 0 .5
323.4 81.7 0.9994 0.00408 0.00421 3 .1
323.4 103.1 0.9995 0.00508 0.00500 1.5
373.3 2 1 .6 0.9927 0.00151 0.00149 1.3
373.2 40 .9 0.9949 0.00247 0.00252 2 .0
373.3 61.5 0.9958 0.00331 0.00347 4 .8
373.3 83.1 0 .9963 0.00439 0.00436 0 .6
373.1 102.9 0.9965 0.00511 0.00510 0 .1
373.5 106.1 0.9965 0.00513 0.00516 0 .5
373.3
Average
107.4 0.9965 0.00525 0.00523 0 .3
3 .1
(a )  I n t e r p o l a t e d  o r  e x t r a p o la t e d  from e x p e r im e n ta l  d a ta .
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Wilhelm e t  a l .  (1) and Himmelblau (2 ) .  S o l u b i l i t i e s  o f  CH^ and 
in  w a te r  have been p r e d ic t e d  by t h i s  method and t a b u la te d  i n  t a b l e s  12.1 
f o r  comparison w ith  th e  e x p e r im e n ta l  v a lu e s .  From th e  t a b l e ,  i t  can be 
seen  t h a t  th e  method p r e d i c t s  s o l u b i l i t i e s  o f  g ases  i n  w a te r  w ith  an 
average  accu racy  o f  3.1% f o r  22 d a ta  p o i n t s .
P r e d ic t i o n  o f  x„ by e q u a t io n  9 .2 6 ,  on th e  o th e r  hand, r e q u i r e s  f i v e
- o ? l
v a r i a b l e s  f £ ,  Hj , g ^ ^ *  v 2  | n(  ^ $2  t o  ^nown- Among th e  f i v e
^ 1 — QO^ J
v a r i a b l e s ,  f ^ ,  and v^ can be r e a d i l y  e s t im a te d .  The o th e r
two v a r i a b l e s  and a r e » however, d i f f i c u l t  t o  o b ta in .  At th e
p r e s e n t  t im e ,  no method i s  known to  p r e d i c t  W ^ o f  a b in a ry  p a i r  
c o n ta in in g  a p o l a r  component. L ikew ise ,  ex p e r im e n ta l  d a ta  f o r  a re  
s c a r c e .  A cco rd in g ly ,  e q u a t io n  9 .26  i s  d i f f i c u l t  t o  use  f o r  th e  
p r e d i c t i o n  o f  s o l u b i l i t y  o f  g ases  in  w a te r .  The e q u a t io n  i s ,  however, 
u s e f u l  to  c o r r e l a t e  and i n t e r p o l a t e  th e  e x i s t i n g  e x p e r im e n ta l  d a ta .
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CHAPTER X III  
C onclusion
V a p o r - l iq u id  e q u i l ib r iu m  com positions  o f  th e  b in a ry  system s CH^-^O 
and ^ - H jO  a re  measured a t  p r e s s u r e s  up to  101.3 MPa a t  323 and 373 K.
These s o l u b i l i t y  d a ta  a re  c o r r e l a t e d  by th e  m od if ied  K richevsky-
Kasarnovsky e q u a t io n ,  e q u a t io n  9 .2 2 .  The K r ic h e v s k y - I l in sk a y a  e q u a t io n ,  
e q u a t io n  9 .2 0 ,  i s  proved t o  be in a d e q u a te  f o r  c o r r e l a t i o n  of th e  
s o l u b i l i t y  d a ta  o f  g ases  in  w a te r .  I n s t e a d ,  e q u a t io n  9 .2 6 ,  which
in c lu d e s  th e  c o n s ta n t s  o f  th e  tw o - s u f f ix  Margules e q u a t io n  and th e  
c o e f f i c i e n t  o f  i s o th e rm a l  c o m p r e s s ib i l i ty  o f  th e  p a r t i a l  molar volume, 
a re  used f o r  c o r r e l a t i o n  o f  th e  s o l u b i l i t y  d a ta  o f  b in a ry  system s.
C o r r e l a t i o n  o f  th e  s o l u b i l i t y  d a ta  o f  gases  i n  w a te r  r e q u i r e s  
a c c u r a te  v a lu e s  f o r  th e  f u g a c i ty  o f  th e  s o lu t e s  in  th e  gaseous phase . 
The f u g a c i t i e s  o f  th e  p u re  gaseous components a re  c a l c u l a t e d  by u s in g  
th e  e x p e r im e n ta l  v o lu m e tr ic  d a ta .  The f u g a c i ty  o f  th e  s o lu te  gas in  
b in a ry  gas m ix tu re s  c o n ta in in g  w a te r  vapor i s  c a l c u l a t e d  by th e  Lewis 
and R an d a l l  f u g a c i ty  r u l e .
C o r r e l a t i o n  o f  s o l u b i l i t y  d a ta  by th e  m od if ied  K richevsky-
K asarnovsky e q u a t io n  p roduces  t h e  H en ry 's  law c o n s ta n t  and th e  a p p a re n t  
p a r t i a l  m olar volume. The H en ry 's  law c o n s ta n t s  g iven  by Himmelblau (1) 
a re  used to  e v a lu a te  th e  te m p era tu re  c o r r e c t i o n  fu n c t io n s  f o r  use  in  th e  
e q u a t io n  o f  th e  s c a le d  p a r t i c l e  th e o ry .  The a p p a re n t  p a r t i a l  molar 
volume may be e s t im a te d  by t h e  method which i s  developed  in  t h i s  s tu d y .
When th e  s o l u b i l i t i e s  o f  gases  in  w a te r  a re  p r e d ic te d  by th e  
m o d if ied  K richevsky-K asarnovsky  e q u a t io n  u s in g  th e  H e n ry 's  law c o n s ta n t
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e v a lu a te d  by th e  s c a le d  p a r t i c l e  th e o ry  and th e  a p p a re n t  p a r t i a l  molar 
volume by th e  new method, c lo s e  agreem ent i s  ach ieved  f o r  a l l  th e  
s o l u b i l i t y  d a ta  p o i n t s .  T h is  method can be used to  p r e d i c t  th e  
s o l u b i l i t y  in  w a te r  o f  th e  g ases  when ex p e r im e n ta l  d a ta  a r e  a b s e n t .
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APPENDIX 1.
D e r iv a t io n  o f  th e  A c t i v i t y  C o e f f i c i e n t  D efined  by th e  
Unsymmetric Convention Y2
The a c t i v i t y  c o e f f i c i e n t  d e f in e d  by th e  tw o - s u f f ix  Margules 
e q u a t io n  can be e x p re ssed  by
RTJton  = J i  wi A  - 2  J i  j l i
where W.. = W. . = . . .  = 0 .
1 1  JJ
The a c t i v i t y  c o e f f i c i e n t  d e f in e d  by th e  unsymmetric co n v en tio n  was g iven
by e q u a t io n  9 .7 .
■£ny  ^ = ^nY- “ lira EnY- (9 -7 )
1 1 X.-»0 1
x S o
j= l
S u b s t i t u t i n g  e q u a t io n  A .l  in t o  9 .7  le a d s  to
RMoy* -  -Wu  + X  W.kXk -  I  j ,  J, Wk .XkX. (A.2)
F or  component 2 i n  a b in a ry  system  c o n s i s t i n g  o f  components 1 and 2,
e q u a t io n  A.2 le a d s  t o  e q u a t io n  9 .8 .  For components 2 and 3 i n  a t e r n a r y  
system  c o n s i s t i n g  o f  components 1, 2 and 3 , th e  e q u a t io n  le a d s  to  
e q u a t io n s  9 .9  and 9 .1 0 .
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APPENDIX 2.
Derivation of the Gas Solubility Equation
Substitution of equation 9.24
v*P = v“?1 {1 - p. (P-Pj)} (9.24)
into 9.18
f. p“ p: r  v.
[. + JtaY* 1 +
ot>p
£n = £nHi1 Any  Jps dP (9.18)
i 1
leads to
f, P? Pn f P v f !{l-p .(P-P?)}
£n = £nHi + Any? + ps — ----- ^ ----  —  dP (A.3)
The last term on the right hand side of equation A.3 can be integrated 
f p v“ P l {l-Pi(P-P=)J
*  — -------  —  dP (A A )
PS
Vw  1 - Pw i  f t
flj—  /s {(l+p.pj) - PtP} dP (A.5)
Ps 
1
= Ki+PiPjJfp-pJ) - y " CP2-pSi>} (a:6)
-«p
V ._ 1
_“P1 2 s2
v. 1 2 B.P B.P?
i r { ( P ‘ P l )  + ¥ p r ¥ i  - ~ V  + -t 3- > (A.7)
s s
In equation A.7, the terms P^PPj and P^P^ are negligible compared with
172
o th e r  term s and may be n e g le c te d .  E q u a t io n  A .7 th en  becomes 
Ps Ps-OO 1 - “  I n  n 2V. 1 v .  1p .p i
-  ■ (P- P | )  ~ —  (A.8)
S u b s t i t u t i n g  e q u a t io n  A .8 in t o  e q u a t io n  A .3 y i e l d s  e q u a t io n  9.25 fo r  
component 2.
p S  pS
C c  *-00 1 -0 0  1 0
f n P ? P 1 c  P
£n ^  = J2aH * + £ny* + ( P - P p  -  (9 .2 5 )
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APPENDIX 3.
S t a t i s t i c a l  A n a ly s is  o f  th e  S o l u b i l i t y  D ata o f  
Phenan th rene  in  P y r id in e
To check th e  p o s s i b i l i t y  f o r  th e  t e n  d a ta  p o in t s  t o  f a l l  on a
s in g l e  s t r a i g h t  l i n e ,  we made a s t a t i s t i c a l  a n a l y s i s .  When th e  d a ta
p o in t s  were f i t t e d  by th e  method o f  l e a s t  sq u a re s  t o  g iv e  e q u a t io n  A.9,
T
-£nX2 = 5.73727 ( ^  ) -  5 .7462 A.9
f i v e  p o in t s  showed d i s c r e p a n c ie s  l a r g e r  th a n  0.4K and e i g h t  p o in t s  
l a r g e r  th a n  0.3K from th e  f i t t e d  l i n e .  The com parison i s  i l l u s t r a t e d  i n  
t a b l e  A. I .  As th e s e  d i s c r e p a n c ie s  a re  l a r g e r  th a n  th e  ex pec ted  
ex p e r im e n ta l  in a c c u ra c y  o f  ±0.1K, we can exclude  th e  p o s s i b i l i t y  f o r  th e  
d a ta  p o in t s  to  form a s in g l e  s t r a i g h t  l i n e .
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TABLE A.1
R e s u l t  o f  S t a t i s t i c a l  A n a ly s is .
(T) ( T ) , . .,  v exp. f i t .
2 exp. K K
0.2459 299.8  298.9
0.3011 307.7 307.6
0.3513 314.3  314.6
0.3690 316.6  316.9
0.4283 323.4  324.1
0.6170 342.8 343.1
0.6961 349.6  349.9
0.7651 355.6  355 .4
0.8349 361.0 360.6
0.9111 366.5 366.0
AT
K
+0.9
+ 0 . 1
- 0. 6
- 0 . 3
- 0 .7
- 0 .3
- 0 .3
+0 . 2
+0.4
+0.5
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APPENDIX 4.
S o l u b i l i t y  o f  CH  ^ and N£ in  Water in  U n its  o f  SCF/BBL
T P S o l u b i l i t y
K ^  (SCF/BBL)a
323 .7  18.9 15.058
323.0  42.1  25.760
323.0  61 .9  30.853
323.0  81 .7  34.691
323.2  102.4 38.530
373.1  20 .9  16.903
373.3  43 .1  25.244
373 .0  63 .5  31.444
373.3 80 .8  36.463
373.1  102.8 41.261
323.2  20 .8  10.629
323.3  41 .3  18.527
323.2  60 .9  24.875
323 .4  81 .7  30.115
323 .4  103.1 37.496
373.3  21 .6  11.146
373 .2  4 0 .9  18.231
373.3  61 .5  24.432
373 .3  83.1  32.403
373.1 102.9 37.718
373.5  106.1 37.865
373.3  107.4  38.751
a .  At 14.7 p s i a  and 60°F.
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APPENDIX 5.
Comparison o f  E qua t ion  9 .26  w ith  t h a t  Used by 
Coco and Johnson
Coco and Johnson d e r iv e d  e q u a t io n  A. 10 to  f i t  th e  n o n - iso th e rm a l  
s o l u b i l i t y  d a ta  o f  methane in  w a te r  a t  h ig h  p r e s s u r e s .
Ln ^HCH,^ = a 0 +  R~ (  T " T7 5 + R~ (T  " V  A 0
+ I t (1 + CP)P + g {d + e £n ( )} (X* - 1)
A .10
where seven c o n s ta n t s  a ^ ,  a^ ,  b ,  c ,  d and e could  be found by non­
l i n e a r  r e g r e s s io n  o f  e x p e r im e n ta l  d a t a .  Comparison o f  e q u a t io n  9 .26  
w ith  e q u a t io n  A .10 g iv e s  th e  fo l lo w in g  co rrespondence .
A n
«12
RT (X* -  1) -> |  {d + e I n  ( )} ( x j  -  1) A .12
- “ Pl a  - “ Pl p2
sf— (p - pi) - m *.Br (1 * CP)F A'13
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